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FOREWORD 


One  of  the  original  aims  of  the  Bio-Systems  Division  is 
the  study  of  the  organization  of  living  things.  This  rgan- 
izatlon  is  characterized  by  a hierarchy  of  multiple  levels  of 
integration,  copulated  by  more  or  less  well-defined  units. 
Hence,  unitization  apnenrs  to  be  a key  phenomenon  in  the  ir.aking 
of  a complex  organization. 

The  cresent  report  represents  an  intermediate  stage  in 
one  particular  approach  to  the  study  of  unitization.  The 
papers  are  largely  based  on  a Syiposium  on  Organ  Integration 
which  H.  B.  Chase  arranged  for  the  Bio -Systems  Division  in 
the  Summer  of  1902,  They  were  revised  and  amplified  during 
1953«  It  is  hoped  that  they  will  serve  both  as  source  mater- 
ial for  further  generalizations,  and  as  a stimulus  for  paral- 
lel investigations. 


Henry  Ciuastler 


January  195U- 
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INTRODUCTION:  UNITIZATION  IN  BIOLOGICAL  SYSTEMS 

Hemry  Quastier 

Control  Syetoma  Laboratory,  Unlvoraity  of  Illlnola,  Urbana,  Illinois 

Bvory  oonplox  natviral  ays  tom,  bo  It  a commualty,  an 
organiam,  a ooll,  or  of  any  other  kind,  contains  some  woll« 
dofinou  unitlsed  sub-systems.  If  tho  systo®  1«  auff- 
lelontly  cob^Iox,  tbo  sub-systeiBs  turn  out  to  bo  coxo^osod 
of  aub-sub-ays terns,  which  are  thomsolvos  compos Ito 
and  «o  on,  and  so  on.  In  most  zxatural  aye  toms,  tho  units, 
aub-unlta,  sub -aub- units,  otc.,  form  a hlorarohy  of  loTola 
of  organisation  with  similar  complexity.  For  instanoo. 

In  tbo  maimnallan  organiam,  ono  usually  counts  (from  tho 
indlvldxud  downward);  organ  systeraa  — organs  --  biaaues 
oolla  organelles  — maoromolooules  --  molooules: 
and  on  Into  tho  world  of  tho  partloloo  of  physios.  Tho 
hlererci)y  la  only  modoratoly  regular.  Ideally,  a sub- 
system should  be  unitized  anatomically,  developmentally, 
and  functionally,  arid  represent  unequivocally  on®  of  the 
levels  named.  Actually,  there  are  many  instances  of 
xmltlzatlon  in  one  respect  but  not  in  the  two  others,  and 
there  are  some  ayb-ays terns  which  could  be  assigned  to  more 
than  one  level. 

The  occurrence  of  unit  sub-systema  within  aystema  is 
so  comnon  that  one  might  take  them  for  granted;  It  Is  so 
easy  to  produce  any  numbei-^  of  rationales  for  their  exist- 
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ence  that  one  might  think  it  trivial.  But,  if  one_oon- 
sidera  any  one  particular  unit  end  aaks  why  it  is  Just 
what  it  is  and  does  Just  what  it  does;  why  its  components 
are  integrated,  why  it  contains  Just  so  many  parts  and  not 
more  or  less  — then  one  usually  does  not  find  a satisfactory 

The  definition  of  a sub-system  is  not  always  uneq\iiv- 
ocal.  Indeed,  the  bouzvlarles  of  all  natural  units  are  hazy. 

A system,  says  Webster,  is  ^an  organized  integrated  whole 
made  of  diverse  but  interrelated  and  interdependent  parts. 
The  terms  referring  to  interaction  between  parts  --  "organ- 
ized, integrated,  interrelated,  interdependent"  — specify 
one  featvire  which  makes  a syatem  out  of  a set.  Of  course, 
the  distlziotion  is  not  absolute.  One  may  form  a set  con- 
sisting of  a person’s  left  eye,  the  most  recently  formed 
cell  in  his  right  adrenal  cortex,  arid  his  duodenal  loop. 

It  is  difficult  but  not  impossible  to  conceive  this  set  as 
a unit  sub-system,  with  its  three  coB5>ononts  interacting 
stroiigly  in  some  event  of  critical  importance.  In  fact, 
there  is  no  set  of  parts  In  the  universe  which  could  not 
b«  called  a system  if  on©  wants  to  be  facetious  enoxigh.  to 
accept  any  kind  of  Interaction.  For  a usefxxl  concept  cf 
systems,  one  must  admit  only  significant  interactions,  where 
the  decision  of  what  constitutes  a significant  interaction 
depends,  in  last  analysis,  on  the  Interest  of  the  particular 
investigator  at  the  particular  occassion.  The  restriction 
to  significant  interaction  may  be  arbitrary,  but  it  is  '~ee*- 
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•Bsary  In  order  to  approach  the  ’'wboloneaa"  part  of  the 
definition  without  the  certainty  of  winding  up  with  the 
w]x»le  univerae.  The  wholeneaa  criterion  ia  aatiafied  by 
the  inoluaion  of  every  oos^onent  which  eontributes  signifo- 
ioantly  to  the  interplay  of  parta  by  which  a aystem  ie  in- 
tegzmtted;  where  ’’algnificaaoe"  refera  to  the 
«rCcaasion» 

At  the  present  state  of  the  art*  a scientlat  would  be 
quit©  justified  in  rea trie  ting  his  endeavora  to  the  clean 
concept  of  a eet  and  dismisaing  the  concept  of  a imlfied 
ayetem  a»  a mere  figsssnt  of  illusion  or  a mere  deecriptive 
convenience.  However^  he  would  be  equally  Justified  in 
oonaidering  the  unification  concept  as  the  very  baa  la  of 
the  understanding  of  all  of  nature*  Our  own  crystal  ball 
asserts  that  tlis  analysis  of  units  within  gystoms  will  be 
the  key  for  the  analysis  of  very  complex  syatoffi*. 

One  of  the  earliest  tasks  in  the  study  of  units  with*' 
in  systems  ie  to  aasembXe  a number  of  deecriptione  with 
emphasis  on  ays terns  features.  The  first  stops  are  the 
Identification  of  a unit  and  its  oonponenta.  This  has  been 
done,  for  a number  of  systems,  in  the.  essays  by  Chase  and 
MontAgna,  Sdds,  Feccon,  and  Vciss  which  are  here  asseifd^led; 
also  in  the  article  by  Bragdcn,  Halbandov  and  Osborne  in 
** Information  Theory  in  Biology.”  In  every  case,  the  des- 
cription la  given  by  experts  in  the  field;  tbs  amount  of 
detail  included  is  just  what  was  judged  necessai'y  to  just- 
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ify  th»  Idantiflcatlon  of  the  unit  and  its  coxaponents . 

Sven  the  llinitad  Biaterial  eolleotad  to  date  texapts  ,one 
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to  xaak®  one  geiiorallzat.ion;  It  oonoernsy  the  span  of.  dl'yei*~ 

i.  H ■ , ' A.  “ ■■  ■ 

5i^  in  unified  syatexaa, 

Ing  eeotiona. 

I,  The  Span  of  Diversity  , ' 'V  ■ ^ 

In, the  social  eciencee,  one  frequently  encounters  the 
phenomenon  of  the  limited  span.  Per' instance,  the  basic  unit 
of  many  military  organiaations  coxi^jrleos  soxae  6-10  men;  re- 
search  teasua  sesm  to  stabilize  at  slzoi  of  from  5-1$;  the 
number  of  ouhordlnates  directly  reporting ‘to  an  adminis- 
trator, his  "span  of  control,*  la  reoomxBended  to  be  restric- 
ted to  about  6 (or  some  number  betvreen  3 and  11  )•  It  is 
easy  to  see  why  some  optlxBxsa  size  should  exist;  a typical 
argument  — not  the  only  one  — la  followixag;  if  the  group 
la  very  lai’ge,  then  the  diffioultlea  of  control  and  ooxnxau- 
nicatlon  vithia  the  group  are  forbidding;  if  the  individual 
groups  are  small,  then  the  number  of  such  units  ulthin  the 
embedding  organization  increases  and,  with  It,  the  probleias 
of  control  and  communication  between  the  groups. 

The  concept  of  a *limlted  span"  may  have  applications 
in  biology  too,  I believe  Paul  P,  Ponton  was  the  first  to 
obsoirve  that  a count  of  the  major  factors  Involved  in  the 


« ftT  is  hoped  that  the  material  presented  will  sexrve  as  a 
nucleus  for  similar  studies;  indeed,  all  recipients  of  this 
prellninary  edition  are  invited  to  consider  the  possibility 
of  adding  a contribution  of  their  own  (it  takes  about  2-4 
weeks  of  work). 
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control  of  any  sli^le  organ  Sr  fimctlon  ylolda  a nxzmbar  not 

r,  - \ -■  '^Jk. 

far  from  6,  ’ It  is  trua  that  the  **mglo  itumbor*'^in  soclol- 

,>  ■ ^ f- 

ogy  applies  to  the  nvimber  of  components  In  a system;  in  bl«> 
ology*  to  the  n^2mber  of  different  kinds  of  conq>onents . 

Stilly  the  reasons  why  there  should  be  maglo  n^muBru  eould 
be  largely  the  same,  (although  we  Lave  not  thought  yet  of 
any  reason  why  it  should  be  approximately  the  same  magio 
number).  Consider*  for  instancey  the  control  system  des- 
cribed by  Paul  B.  Weias  in  this  volume.  In  the  organism 
which  he  investigated  there  occur  five  categories  of 
granules  which  fom  a hierarchy;  each  granule  is  capable  of 
transformation  into  the  next  higher  category.  The  pattern 
Is  maintained  by  the  following  control  mechanism;  (1)  each 
granule  produces  a substance  which*  through  a feedback  loop;* 
act®  to  prssarvs  its  own  kind;  (2)  each  granule  producer  a 
substance  which  prevents  the  fozvnation  of  its  own  kind  from 
granules  of  the  lower  categories.  All  substances  concerned 
se«B  to  be  of  similar  aotivities*  and  are  transported  by 
diffusion  and  t\irbxilence  throughout  the  whole  organism; 
thus,  any  molecule*  whenever  produced,  may  impinge  upon  any 
granule.  Under  these  cirexaastancea,  an  orderly  functionliag 
of  the  whole  control  system  is  possible  only  If  evary  sub- 
stance  Involved  has  sufficient  specific  features  to  make 
its  actions  distinct  from  that  of  ©very  other  substance  In 
the  system.  The  requirements  for  specificity  of  elaboration 
at  the  origin,  and  for  specificity  of  response  at  the 
target,  Inoreaa©  with  the  number  of  distinct  categories 
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(but  not  with _t he  numb or  of  granules,  because  what  counts 

r 

la  ooimnvmlcation  between  classes  of  granules,  not  between 
Individual  granules).  In  the  language  of  commAiinioation 
engineer* one  would  say:  the  greater  the  number  of 

categories,  the  longer  the  address  vrhich  must  be  emitted  by 
each  sender  and  deciphered  by  each  receiver.  Bach  new  signal 
Introduced  is  an  additional  burden  on  the  whole  unit  system, 
because  it  must  be  distinguished  from  every  other  signal  in 
the  system.*  I#e  thus  arrive  at  the  following  proposition: 

The  span  of  diversity  will  be  limited  by  difficulties 
of  internal  control  and  communication,  unless  the  trend 
to  specialization  is  checked  earlier  by  some  other 
stechanism. 

The  communication  problem  is  basically  the  same  when 
control  laeasages  arc  carried  in  nerves  Instead  of  by  hormones. 

To  establish  a proper  nervous  connection,  specific  control 
must  be  exercised  either  during  embryonic  development,  or 
during  the  functional  stabilisation  of  connections  (see  Bdd*s 
paper,  this  volume).  The  mechanism  of  specifying  the  proper 
connections  Is  different,  but  the  amount  of  control  needed 
is  the  same  as  in  the  case  of  chemical  coriaaunication.  Nervous 
and  humoral  communication  aysttviss  differ  in  many  waysj  each 
has  definite  advantages  and  weaknesses;  but  both  are  subject 
to  the  limitation  of  span  by  communication  dlff  Icxidtios . 

«•  Of  course,  each  signal  must  also  be  dis friiiuuIsWS.  from 
signals  related  bo  other  sub-systems  in  the  same  embedding 
organization.  Such,  distinctions  could  be  made  through  some  * 

featui'o  which  distinguishes  all  signals  relating  to  one 
particular  sub-system  from  all  other  signals,  but  it  is  also 
possible  that  one  sigsial  may  have  functions  (possibly  different 
funotiom)  in  more  than  one  sub-system.  As  long  as  w©  restrict 
our  conalaeration  to  single  units,  wo  can  be  sure  that  all  signals 
must  b®  distinguished  from  each  other. 
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II  8ub-»3yateBai  UaltlfeatlQii  &ad  laformatlon  Processing  1 

iiT®  hava  uasd  ooaald«rationa  of  cnaommloatlon  problams  feo 
deduce  a plauaibla  argxxzaent  for  the  restrioted  dlvereity  within 
a unit;  a eiaiilar  ooneideratlon  can  be  used  to  deal  with  tbs 
vATiv  existence  of  unitised  sub-systeraa . 

Unitixation  plays  a major  role  in  control  and  eoinnnsni«> 
oation  within  a ooit^lioated  system.  One  may  think  of  an 
organism  as  a comBmnlcationa  network,  an  abstraction  which 
I believe,  represents  a large  share  of  an  organism's  activity; 
each  unitixed  system  represents  a node,  which  may  or  may  not 
be  smatcmlcally  confined  to  a coherent  volume  = The  inniite 
to  the  node  are  all  events  within  or  around  the  organism 
(including  the  unit  under  consideration)  which  activate  the 
function  of  this  particular  unit;  the  outputs , the  effect 
upon  other  parts  of  the  organism  or  tho  surrounding. 

It  Is  a matter»of-fac t that  In  every  biological  unit 
the  outputs  are  much  leas  varied  than  the  inputs.  We  will 
mention  a few  examples  - The  process  of  collateral  nerve 
regeneration  is  performed  by  a system  consisting  of  normal 
axons,  degenerated  axons,  and  muscle  fibers;  the  inputs  are 
a variety  of  peripheral  and  central  stimuli,  metebollo  events, 
specific  substances  like  neurocletin;  the  output  is  si.HK)ly 
the  percentage  of  functional  connections  established.  *W3® 
blood  s’jgar  level  is  controlled  by  a widely  dispersed  system; 
its  inputs  are  most  varied;  they  Include  the  activities  of 
various  parts  of  the  body,  excitement,  absorption  of  food 

t^is  irj£tsBtir4e,  etc.  The  outputs  are  much  less  varisd; 
in  fact,  most  Inputs  arc  absox’bed  by  the  system  and  produce 


6 Qxiastlar 


no  output:  the  blood  sugar  lovel  remains  constant.  Consider 

a ganglion  cell:  the  whole  staggering  complexity  of  events 

within  and  in  the  neighborhood  of  it,  generates  a tri-valued 
output  — resting,  inhibited,  or--firlng;  in  some  cases  the  out- 
put can  be  a little  .varied  by  frequency  modulation.  Much  of 
normal  and  pathological  biology  is  dominated  by  the  limitations 
of  the  reactive  repertoire;  many  biological  units  follow  the 
all-or-none  law,  responding  with  only  binary  outputs  to  a 
vast  range  of  Inputs. 

In  the  lauguaga  of  consrronlcation  engineering,  unltlsed 
aub-ayatema  are  transducers  with  strong  filter  properties; 
Incoming  Information  is  partly  absorbed,  details  are  fused 
together,  subtle  shadings  are  converted  into  simple  alter- 
natives* Such  filtering  causes  a net  loss  of  information; 
the  important  point  la  that  it  may  be  a very  necessary  evil. 

Consider  the  following  model;  Given  a multi-nodal 
network,  with  numerous  connections  internally  and  with  the 
surrounding.  The  network  is  supposed  to  act  as  a system. 

That  means,  it  must  be  able  to  process  information  coherently. 
Thus,  whatever  goes  on  anywhere  in  the  network  should,  at 
least  potentially,  be  made  use  of  everywhere.  The  iwdes  are 
necessarily  limited  in  their  capacity  of  processing  information. 
How  suppose  that  the  total  flow  of  information  is  much  beyond 
the  capacity  of  any  single  node.  Thus,  the  amount  of 
information  wiiich  should  be  available  at  each  node  (xmder  the 
postulate  of  coherance)  is  mxich  largar  than  wiiat  it  can  handle* 
How  can  this  commxinicatlon  dllojoma  be  solved?  Only  by  the  use 
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of  powerful  filters,  which  take  out  of  the  total  flow  of 
inforffiatlon  that  small  portion  which  is  presxnnablj  of  interest 
to  the  whole  network,  ^e  model  here  described  strikes  one 
as  a reasonably  realistlo  representation  of  ixt^ortant  aspects 
of  lirlng  organisms;  accordingly,  one  is  tempted  to  suggest 
that  the  filter  effect  may  be  a major  factor  In  the  estabo 
llshment  and  perpetuation  of  sub»8ystem  imitlsation, 
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III  Span  of  Diversity  and  Information  Functions 

On#  can  talk  about  "diff iculties  in  conammicatlon" 
and  "requirements  for  spaclflclty"  without  attempting  to 
introduce  suaaerical  values.  It  la  usually  correct  to  say 
that  the  difficulties  la  a 6>Be»«eoBmunloatlon  consist  of 
all  the  difficulties  of  a ^-sien^eommanleatlon,  «nd  then  some; 
alaillarly,  that  the  specificity  requirements  for  discrimina- 
tion  between  6 signals  are  all  those  which  iiold  for 
diserlmimtion  between  5 sigziala,  plus  some  additional  ones. 

The  concept  of  a limiting  amount  can  be  used  without  the 
introduction  of  a scale.  But,  If  one  wishes  to  uziderstand 
not  only  the  existence  of  "magic  numbers"  but  also  tbelr 
actual  values,  then  measurements  have  to  be  Introduced* 

Our  consideration  of  diversity,  with  its  associated 
difficulties  in  commxinication  and  requirements  for  specificity, 
haa  bean  restricted  to  components  of  \mited  systema.  Accord- 
ingly, wc  need  a measure  of  diversity  which,  refers  only  to 
diversity  between  coapoaents  of  a given  system;  that  is,  a 
Eioasure  restricted  to  vhose  features  which  differentiate 
cojspononts  of  a given  system  from  each  other,  without  regard 
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for  differences  from  anything  else.  We  propose  to  use  the 

following  measure:  “ — 

The  measure  of  divers  lty»  for  the  coarpaneats  of  a giron 
system»  is  the  average  number  of  atateaoata  nocded  to 
distinguish  any  one  component  from  all  other  coas?onentB 
of  the  system.  In  order  to  make  the  definition 
unequivocal,  it  is  also  stipulated  that  all  statemento 
be  binary  (i.e.,  of  a yea -no  nature),  and  that  they 
are  constructed  and  arranged  la  such  a way  that  their 
average  number  is  minimized. 

The  difficulties  of  conmvsnlcation  and  the  requirements 
for  specificity  depend  on  the  diversity.  Hence,  their 
measures  must  be  functions  of  the  measure  of  diversity.  It 
will  be  most  convenient  to  singly  equate  all  three  measures. 
The  measure  here  defined  la  also  identical  with  the  Quantity 
of  Information  of  Shannon  and  Wiener.  The  \mlt  of  this 
function  is  called  an  information  unit,  or  bit  (contracted 
from  "binary  digit"). 

There  is  no  need,  at  this  point,  for  a general  descrip- 
tion of  how  to  compute  measures  of  diversity;  we  only  need 
the  results  for  two  particular  cases.  Both  concern  a system 
with  N oqulprobable  components.  For  s\ich  a system  wo  need 
(1)  a measure  of  diversity,  and  (11)  a measure  of  tho  amount 
of  Information  needed  to  establish  the  whole  set  of  signals. 
The  measure  of  diversity  has  been  equated  to  the  number 

•»  The  more  general  case  where  classes  of  components  have  no 
aqual  probabilities  will  not  be  discussed  hero. 
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of  binary  statetnenta  needad  to  dlatinguiah  one  eon^onent  from 
all  others.  Now.  with  one  binary  a tatament  one  ©sui. 
differentiate  between  two  cojrponents  or  whole  grovqps  of 
components;  a second  statement  can  subdivide  each  group  Into 
two  sub-groves,  for  a total  of  four.  In  general,  v state- 
ments will  distinguish  2“^  classes.  Therefore,  N components 
can  be  distinguished  by  y atateroents  if  2'^^  N or  y ^ loggH* 

One  will  choose  the  smallest  ^ which  satisfies  the  inequality. 
Per  our  purpose,  it  will  not  be  necessary  to  be  rea trio ted 
to  an  Integral  nvasber  of  statements;  a "fractional  statement" 
is  quite  admissible.  Therefore,  we  can  define: 

For  a system  with  N equiprobable  consonants: 

Measure  of  diversity  * log^N 

In  the  system  considered,  the  amount  of  specificity 
required  to  elaborate  or  receive  a single  signal  is  log.Nj 
this  applies  to  a single  node.  However,  if  one  were  to 
design  the  whole  set  of  signals  to  be  used,  one  would  need 
log2H  bits  for  each  of  the  N oomponenta,  or  a total  of 
H log^N  bits.  We  use,  again,  the  particular  assumption  that 
all  possibilities  are  equiprobable  (because  the  general 
case  of  unequal  probabilities  requires  a much  more  elaborate 
discussion,  and  we  feel  that  for  most  biological  systems  the 
©quiprobablllty  assumption  is  not  a bad  approximation). 

Then,  we  obtain: 

Measure  of  specificity  required  to  define  all 
conmunicatlons  within  systems  - N log2N 

The  measure  of  diversity,  (and  of  specificity,  information 
etc.)  la  a measure  of  the  difficulty  of  establishing 
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coinmunloatlon.  It  oan  also  be  intex^preted  as  a meaaixre  oT 
bba  of'foirb  viilcb  would,  bs  spSuw  In  ss babllsblng  eointnUnX oablos 
-by  an  ideal  operator,  given  optimtm  conditions  of  mazimua 
efficiency  in  (generalized)  coding  and  error-free  operation. 
What  is  really  "spent*  in  terzns  of  material  and  structure 
will  depend  on  the  speclfyliag  mechanisms  used.  Thus,  if  we 
ascribe,  say,  to  an  enzyme  a speoificity  of  9 bits,  we 
definitely  do  not  want  to  say  that  it  is  equipped  with  9 
binary  switching  elements;  what  is  meant  is  that  there  is  an 
indication  of  a selective  mechanism  at  work,  with  results 
which  coiild  be  achieved  by  9 binary  decisions  between  eq\ii- 
prebable  alternatives,  under  ideal  conditions.  Usefulness 
of  the  Shannon-Wiener  information  function  in  the  analysis 
of  living  systems  hinges  on  the  question  whether  there  is 
a simple  relation  between  the  functloxis  calculated  for  ideal 
conditions,  and  the  effort  actually  spent.  There  is  evidence 
that  simple  relations  exist  for  certain  classes  of  mental 
fimctlons;  in  the  field  of  general  biology,  we  have  not  yet 
progressed  to  critical  experimentation.  All  that  has  been 
established,  thus  far,  are  some  estimates.  These  are  given 
in  the  following  table. 
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CONTROL  SYSTEMS  IN  THE  INTEGRATED  SKIN 
H«nniui  B«  Chase  and  William  Montagna 
of  Biology,  Brown  University,  Providence, 


a.  I. 


CD  ^ 

— — The  skin  1«  an  Integrated  system  In  both  space  and  time. 

|.l  I nil 

C^Ohalr  follicle  and  associated  sebaceous  gland,  the  pllo- 


sebaceous  unit. 


is  an  integrated  unit  vlthin  this  syatetn. 


We 


do  not  yet  know  the  full  extent  of  the  role  of  the  external 
Shaath  of  tha  folllclaa  but  are  certain  that  it  is  extremely 
iswortant  and  not  particularly  in  Its  function  as  a sheath* 
There  la  a tremendous  difference  between  conditions  existing 
when  there  are  active  hair-producing  follicles  and  conditions 
existing  when  there  are  inactive,  or  so-called  resting,  fol~ 
llcles*  This  difference  which  was  first  observed  in  19i|-6  at 
the  University  of  Illinois  (H.3.C.)  with  relation  to  greying 
of  hair  following  x-radiatlon  has  been  our  modus  operaxxdl 
ever  since.  In  mice  and  rats  there  are  normal  waves  of  hair 
grovrth  and  succeeding  5.nactlvity.  TTiese  can  be  ascertained 
and  areas  chosen  for  treatment  and  study.  Better  yet,  it  !■ 
possible  by  plucking  the  club-hairs  of  the  resting  or  telogen 
stage,  to  initiate  growth  in  prescx’ibed  areas  only,  which 
will  be  cut  of  step  with  subsequent  wave.'-  • This  can  bo  done 
with  mice,  rata,  rabbits  and  hamsters.  Plucking  of  feathers 
in  birds,  as  the  pigeon,  also  initiates  a new  growth*  By 
plucking  in  the  am.;?.ll  mouse,  for  example,  it  is  feasible  to 
obtain  7 areas  In  different  ateges  of  activity  on  the  same 
animal.  In  the  guinea  pig  and  man,  hair  growth  is  raosaic| 
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that  is,  individual  hairs  seem  to  have  fchelr  ovm  rhythms  and 
a region  does  not  all  come  into  and  out  of  activity  at  the 
same  time.  Plucking  in  these  cases  is  effective  on  resting 
follicles,  we  believe,  but  since  they  are  interspersed  with 
follicles  already  active  at  the  time,  no  well-defined  area 
i«  obtained  where  all  the  follicles  are  in  precisely  the  same 
stage.  Likewise,  no  appreciable  area  has  all  its  follicles 
in  a normal  resting  stage  at  the  same  time. 

The  distinction  between  active  and  inactive  has  been  ex- 
tremely useful  but  it  has  seemed  advisable  to  know  the  vrtiole 
sequence  of  events  in  a hair-follicle  cycle.  Consequently, 

6 substages  of  the  growing  stags,  or  anagen,  have  been  worked 
out  In  some  detail.  All  the  stages  and  substages  will  bo  de- 
scribed with  relation  to  the  layers  of  the  skin  axid  the  pllo- 
sebaceouB  units.  We  shall  describe  some  morphological,  cyto- 
logtcal,  and  cytochemlcal  details  assoclat'^d  with  these  stages. 
Also  with  respect  to  stages,  we  shall  describe  some  of  the 
changes  which  occur  in  hereditary  hairlessness  in  mice,  and 
Chang*- 3 which  occur  following  x-lrradi ation  and  methylcho- 
lanthrens  treatment. 

There  is  a rather  definite  thickness  of  each  skin  layer 
with  each  stage  of  hair-growing  activity,  Tli©  thickenliig  of 
the  epidermis  (2-3  times)  during  the  eai’ly  ansigon  is  the  re- 
flult  of  a burst  In  mitotic  activity.  As  the  hair  shaft  is 
Xiroduced,  however,  the  epldarvr.is  returns  to  "normal”  or  lass 
in  thickness.  The  adipose  layer  Increases  2-3  times  its 
"resting"  thlcimeas  and  the  cortum,  or  dermi-?,  by  50^,  This 
is  an.  enlargement  of  calls,  not  mltoijis  , at  least  in  the  adl- 
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pos*  layer.  At  birth  the  skin  la  much  as  it  is  at  the  3-day 
stage,  aubatage  II,  of  the  regular  cycle,  Por  some  follicles 
the  stage  is  about  anagen  III,  5-day  type,  for  others  it  is 
earlier,  and  in  other  cases  the  follicles  have  not  yet  formed. 
New  follicles  on  the  body  are  laid  down  beginning  at  3-U-  days 
before  birth  and  ending  usually  at  about  3-il-  days  after  birth. 
Before  considering  the  growth  cycle  of  a follicle,  we 
shall  consider  the  formation  of  a new  follicle,  A solid  bud 

I*uxi.  a SLjlaCI 

grows  downward  into  the  corium  as  a solid  peg.  Next  a dimple 
forma  at  the  end,  and  as  this  enlarges  with  continued  growth 
downward  of  the  peg  around  this,  aom©  dermal  cell#  become  In- 
cluded in  this  cavity.  By  this  time  there  la  then  a bulb  en- 
closing a derrxal  papilla  and  a connective  tissue  sheath  begins 
to  surround  the  whole  structure*  This  la  anagen  II  Is  type 
and  all  subsequent  development  is  identical  with  that  foxmd 
in  follicles  which  have  been  resting  and  now  start  the  new 
ycle.  Dendritic  pigment  colls  are  included  in  the  peg  and 
■ome  bogin  to  form  melanin  at  about  this  time  as  they  deJ^for 
all  later  hair  generations.  At  about  3 days  after  birth, 
prsct-lcally  all  the  folliolca  which  are  going  to  form  have 
started.  At  this  time  the  slope  of  hairs  is  determined,  ap- 
parently by  a relative  shift  of  layers  of  the  skin*  Th©  fol- 
licles or  pegs,  have  been  perpendicular  to  the  surface;  now 
they  approach  a 30'^  angle , Keratlnlsation  occurs  as  a cor© 
in  tho  upper  end  of  the  peg  and  in  the  epidermis  above,  or  in 
line  with  it.  The  result  is  a future  hair  canal  with  keratin- 


*h/n  i 

j 

{ 

iz«d  wall  extending  Into  the  dermis.  This  Is  continuous  with 
the  corneum.  At  the  lower  edge  of  the  keratlzatlon,  the  cells 
of  the  follicle,  continuous  with  the  basal  layer  of  the  epi- 
dermis, form  the  sebaceous  gland  on  the  oblique  angle  side. 

The  internal  sheath  has  been  formed  from  the  bulb  below  and 


the  shaft  la  being  produced. 

In  a cycle,  not  the  first,  we  can  start  with  the  resting 
stage,  telogen,  In  which  we  find  a club,  a germ,  and  a dermal 
papilla.  Around  the  club  itself  there  is  a "capsule”  of  epi- 
thelial cells.  Below  that  la  the  gem  (a  plate  of  20  or  so 
cello  In  small  follicles)  which  is  continuous  with  the  exter- 
nal sheath.  There  Is  already  preaont  a sobaceous  gland  and 
a plloaebaceoua,  or  hair,  canal.  The  first  burst  of  mitotic 
activity  Is  in  th®  gerju,  also  In  the  external  sheath.  This 
Is  ar4&gen  I,  ?or  anagsn  II  there  Is  a downgrowth  of  the  germ 
plate  around  the  ball  of  papilla  cells,  A thiii  dome  of  kora- 
tlnlaatlon  appears  above  the  gem  plate  and  is  the  beginning 
of  the  Internal  sheath.  The  lengthening  of  the  whole  follicle 
due  to  excessive  mitoses  In  the  external  sheath  commences  in 


this  substagOr  ?or  anagen  III  the  folliclo  lengthens  rapidly 
end  the  adipose  layer  thickens.  The  internal  sheath  becomes 
pointed  and  oxtonds  dlstally  in&king  a tuba  within  the  external 
sheath.  Thor®  is  now  a bulb  of  matrix  cells  around  the  In- 


verted psar-shape  papilla.  Dendritic  pigment  colls  in  this 
bulb  start  developing  melanin  granules.  Cells  in  the  exter- 
nal sheath  now  cease  dividing  and  acoumiiiate  glycogen.  The 
dermal  papilla  now  boeemas  metaciiromatlc , indicating  pr©Gu»i- 
abiy  th*  presence  of  certain  polysaccharides.  By  anagen  IV, 
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6 days  aft«r  plucking,  tno  follicle  is  completely  elongated, 
the  hair  shaft  is  forming  and  the  tip  is  at  the  base  of  the 
sebaceous  gland.  The  papilla  cavity  is  narrow.  Pigment  gra^n- 
vilos  are  now  fo'ond  in  the  matrix  cells  of  the  upper  third  of 
the  bulb.  At  anagen  V the _tlp  of  the  hair  is  at  the  surface 
of  the  akin,  the  papilla  cavity  is  further  compressed.  The 
corium  and  adipose  are  at  their  rull  extension  and  tho  epl- 
dennls  has  retxirned  to  its  “normal”  level  or'^pYen  less.  Ana- 
gen  VI  1«  the  stage  of  hair  proliferation  s^t  the  rats  of 
nearly  1 mm.  per  day.  Clearly  then,  the  first  half  of  anagen 
is  ^embryonic,”  and  the  last  half  la  “fetal,”  the  phase  of 
rapid  growth.  At  the  end  of  this  last  aubstage,  glycogen  in 
the  external  sheath  and  -netacliromasia  in  the  papilla  disappear. 
The  catageii  stage  is  the  transitional  stage  between  ana~ 
gen  and  telogen.  In  the  short  period  of  about  2 days  the  fol- 
licle changes  from  a long,  highly  active  hair-producing  struc- 
ture to  a relatively  short,  resting  follicle.  Cell  division 
ceases  in  the  bulb,  a germ  Is  set  aside,  the  papilla  becomes 
a “bail,”  and  a club  at  the  end  of  the  hair  is  formed.  The 
base  of  the  resting  follicle  with  its  ball  of  papilla  cells 
comes  to  lie  well  up  In  the  corium.  Shortly  before  this, 
the  pigment  cells  cease  producing  pigment  and  the  medullary 
cells  of  tho  hair  shaft  ax‘o  no  longer  formed.  As  the  matrix 
colls  atop  dividing,  no  new  celia  are  fad  Into  the  Internal 
sheath  and  hair  shaft.  The  last  cells  to  be  keratinized  but 
not  compacted  Into  the  hair*  cortex  constitute  the  hollovr, 
brush-like  club.  The  surrounding  capsule  consists  of  cells 
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llttl*  if  any  karat Ini zod,  but  attached  by  fibril*  to  th* 
club*  These  cells  come  up  from  the  bulb.  The  cells  of  the 
’’basal  layer”  of  the  upper  bulb,  and  continuous  with  the  ex- 
ternal sheath  probably  constitute  the  germ.  Cells  of  the 
lower  bulb  which  do  not  make  up  the  germ  and  are  not  incor- 
porated in  the  capsule  come  to  lie  between  those  2 structure* 
and  largely  degenerate*  As  the  bulb  "disgorges"  sind  the  ex- 
ternal sheath-germinal  layer  rounds  up,  the  papilla  la  left 
as  a ban  or  ceixa  Derow  the  gerui*  The  great  anortening  of 
the  whole  follicle  seems  to  occur  by  degeneration  of  some  ex- 
ternal sheath  cell*  and  by  a decrease  in  volume  of  all  th® 
other  external  sheath  cells.  Aroimd  the  follicle,  including 
the  papilla,  la  a connective  tissue  sheath  which  apparently 
*takes  up  the  slack”  as  these  changes  take  place*  The  adi- 
pose layer  and  dermis  return  quickly  to  the  thickness  charac- 
teristic of  the  resting  stags* 

Several  aspects  of  our  work  can  now  b®  discussed  with 
respect  to  these  stages  of  hair  growth.  Tho  extent  of  »pt- 
demal  damage  from  mothylcholanthrene  and  x-lrradiation  i» 
far  leas  when  follicles  are  in  anagen  rather  than  telogen. 
Repair  is  also  rapid.  Sebaceous  g3  ands  are  eliminated  regard' 
less  of  th®  stags  within  days  after  a single  treatment  with 
0,6/^  methylcholanthrene-ln-benzone.  New  glands  are  formed 
from  th®  external  sheath  at  once,  however,  if  th*  folllclea 
are  in  anag«n,  X-irradtation  destroys  dendritic  pigment 
cclla,  being  especially  erflclsnt  on  the  few  dormarifc  c®\l8 
of  telogen.  On  the  other  hand,  moderate  doses  of  x-radia- 
tion cause  epilation  only  when  follicles  are  acfclv®;  ^;«5i!.3ib3.7 
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by  the  effect  on  the  — SH  groups  in  keratinlzation.  Methyl- 
cholanthrene , however,  does  not  disturb  a growing  hair  but 
does  allow  club  hairs  to  fail  out.  In  starvation  (caloric 
restriction  to  l/3  nomal)  new  waves  of  growth  are  prevented 
and  even  plucking  will  not  Initiate  growth  after  a >dill0.  If 
hairs  are  growing,  however,  when  the  restriction  becomea  crit- 
ical for  initiation,  those  hairs  w^.ll  complete  their  growth. 
The  adipose  layer  becomes  very  thin  In  restricted  animals. 

The  external  sheath,  with  its  store  of  glycogen  in  the  active 
phase  and  its  great  potentiality  for  forming  sebaceous  lipids, 
hair  keratinlzation,  and  even  epidermis,  apparently  plays  an 
all-lnportant  role  in  skin  regeneration,  morphology,  and 
function. 

In  hereditary  hnlrlesanesa  in  mice,  the  first  pelage 
s.ppsars  normal  but  then  falls  out  at  the  end  of  growth  with- 
out a normal  club  being  formed*  No  new  pelage  forrr»@,  except 
for  an  occasional  scanty  second  growth.  The  skin  becomes  pro- 
gressively abnormal,  with  hypertrophied  cells  in  the  epider- 
mis, and  sebaceous  and  keratinized  cysts  in  the  dermis.  Ex- 
cept for  the  presence  of  cysts,  tho  skin  resembles  that  fol- 
lowing treatment  with  methylcholanthrene , even  to  the  exces- 
sive pifpnent  cells  In  the  aplderruls.  The  cysts  devslop  by 
sebaceous  tx*ansformatlon  and  lator  keratinlzation,  particu- 
larly from  the  epithelial  (external  sheath)  tabs  left  below 
the  original  sebaceous  gland. 

That  the  failxir®  of  new  hair  growth  horo  is  associated 
with  drastic  skin  diaturbancea  is  obvious.  That  the  ”germ- 
Inal''  external  sheath  cells  still  have  lipid  and  keratin  po~ 
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tentialities  Is  also  obvious*  A mechanism  which  allows  nor- 
mal cycles  In  the  pllosebaceous  xinlts  and  the  skin  Is  lack- 
ing. The  nature  of  the  initial  error  associated  with  the 
hi*  hr  genotype  Is  as  yet  unknown.  Certain  features,  however, 
are  appai*ent.  Anagsn  Is  normal,  but  catagen,  the  transition- 
al stage  to  telogen,  la  not.  Instead  of  a keratinized  club 
forming  below  the  Internal  sheath,  a few  unkeratlnlzed  bulb 
cells  at  the  end  of  the  shaft  pass  up  Into  the  Internal 
sheath  canal.  This  knot  of  cells  later  becomes  kex'atinized, 
but  is  not  a club  and  does  not  prevent  the  hair  from  fall- 
ing out.  The  rouiiuing  up  of  the  cs.t?igen  appears  at  first  nor- 
mal with  the  ball  of  papilla  cells  at  the  end.  There  is  no 
capsule,  however,  since  there  is  no  elubc  The  bulb  cells  in 
the  stalk  between  the  internal  sheath  and  the  papilla  undergo 
degeneration  but  not  In  the  normal  regular  fashion.  Certain 
areas  degenerate  more  than  others.  The  whole  strand  Is  not 
shortened  but  becomes  fninner  and  more  coiled.  Soon  this 
striuid  breaks,  leaving  a distal  tab  and  a proximal  portion 
deep  In  the  adipose  which  consists  of  papilla  and  opitheliel 
germ.  Where  2 breaks  occur  there  nay  bo  a middle  piece  of 
epithelial  colls  loft  stranded  in  the  adipose  layer.  The 
gem  and  papilla  portion  may  produce  later  ar<  abortive  hair 
but  without  the  normal  continuity  of  the  follicle,  !t  grows 
poorly  and  does  not  approach  the  surface.  Epithelial  tabs 
and  isolates  can  and  do  produce  sebaceous  and  keratinized 
cysts.  The  natiu’a  of  the  failure  to  maintain  th©  continuity 
of  tVie  follicle  Is  not  yet  clear.  The  connective  tissue  sheath 
may  fail  to  contract  and  to  hold  pn©  iowsr  follicle  together 
at  catagsn.  There  may  be  a failure  of  lntercoilulB,r  bridges 
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and  general  cohesivenesa  of  calls.  Of  possible  bearing  on 
this  problem,  la  the  condition  following  irradiation  with 
x-rays  (1000  r).  Here  the  active  follicle  loses  its  actively- 
growing  hair  by  a failure  of  continuous  keratinization,  the 
already  keratinized  portion  falls  out,  having  no  anchor  such 
as  a club.  The  catagen-llke  strand  below  becomes  beaded  in 
appearance  as  in  the  hairless  condition.  The  principle  dif- 
ference is  that  eventually  a now  hair  does  grow,  the  strand 
not  being  broken.  Even  at  this  dose,  hair  growth  may  be 
sparse  (some  follicles  fall)  and  with  higher  doses,  permanent 
epilation  la  possible.  Conceivably,  breaks  may  occur,  but 
that  point  has  not  yet  been  Investigated  for  the  high  doses. 
With  doses  around  400  r,  there  is  the  epilation  of  growing 
hairs,  but  all  folllcloa  ore  capable  of  producing  hairs  again 
after  a short  delay*  Unique  in  the  x-rayed  active  follicles 
is  the  hug©  accupiu.letion  of  pigment  in  the  dendritic  cells. 

It  would  seem  that  melanogenesls  continues  but  uo  hair  cells 
are  available  for  taking  up  these  melanin  granules,  A simi- 
lar situation  does  not  occur  in  the  hairless  mouse  because  the 
normal  catagen  stage,  when  no  further  pigment  is  being  formed 
anyhow,  is  reached  before  keratinization  coasese 

Til©  relation  of  all  these  observations  and  others  to  the 
clinical  problems  of  baldness,  skin  dlsoi'ders,  wound  healing, 
etc,  la  not  yet  known.  Certain  academic  speculations,  how- 
ever, are  possible.  In  any  case.  It  appears  that  continuity 
of  the  follicle,  l.e,  continuity  of  the  external  sheath  In- 
cluding the  germ  with  its  adjacent  dermal  papilla.  Is  essen- 
tial for  hair  growth  cycles  a:id  for  the  consequent  normal  skin. 
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In  the  accompanying  diagram  (Pig.  1)  Involving  the  epi- 
dermal (ectodemial)  structure  of  the  skin,  a system  of  con- 
trols Is  suggested.  An  outside  stimulus  of  vmknovm  or  "spon- 
taneous'* origin  occurs  to  Initiate  mitotic  activity,  as  In 
the  normal  waves  of  growth.  This  outside  stimulus  can  also 
be  evoked  by  plucking  of  club,  or  "resting,"  hairs.  In  ly 
case  this  stirrauus,  associated  with  increased  vascularity  of 
the  area,  continues  for  about  1?  days  In  the  mouse  and  acta 
on  the  germ  plate,  the  resting  external  sheath  cells,  the  peri- 
pheral cells  of  the  sebaceous  gland,  and  the  basal  layer  of 
the  epidermis.  The  stimulus  may  pass  up  from  the  germ  plate 
through  the  external  sheath  to  the  peripheral  sebaceous  cells 
and  the  basal  layer  of  the  epidermis,  bxit  the  responses  are 
30  nearly  simultaneous  that  it  would  appear  that  there  is  a 
general  stimulus  with  the  gem  plate  and  external  sheath  res- 
ponding slightly  earlier  hours)  than  the  other  "germ- 

inal oplthella."  In  the  case  of  the  basal  laysi-  of  the  epi- 
dermis there  Is  a negative  feedback.  The  thickness  of  the 
corneum  has  long  been  suspected  of  determining  the  mitotic 
level  of  activity  in  the  basal  layer  axid  this  aypothesls  has 
recently  been  demonstrated  in  human  skin  by  Hermann  Plnkus 
(personal  communication).  With  the  oxitside  stimulus  the  mi- 
totic i*ate  rises  to  about  then  drops  to  less  than  then 
returns  to  about  1^  which  is  the  normal  maintenance  level. 

Such  an  oscillation  te  the  result  of  a feedback  system  which 
has  been  suddenly  "ovor-stlinulated,"  The  situation  f'r  the 
peripheral  sebaceous  ceils  and  sebum  is  similar.  In  the  case 
of  the  external  aheath  there  is  possibly  & negative  feedback. 
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The  hair  and  internal  sheath-producing  system  Sipparently  has 
no  negative  feedback  and  will  grow  as  long  as  the  outside 
stimulus  continues.  Axigora  hair  In  many  raaramals  ana  hvunan 
scalp  hair,  as  exanq>les,  grow  for  long  periods  before  the  rest- 
ing stage  occurs. 

Such  a system  as  described  here  is  in  accord  with  the 
normal  skin  dynaiaics  and  with  the  phenomena  associated  with 
the  hair  growth  cycle.  In  terms  of  control  systems  there  is 
a non-specific  stimulus  which  affects  all  "germinal  eplthella" 
of  the  skin,  but  moat  of  this  epithelium  has  self-regulator-y 
mechani am?  excent  the  ctatw— bulb.  The  incroaaed  thickness  of 
the  corixan  and  the  adipose  layer  also  follow  this  outside  stim- 
ulus, not  by  coll  division  but  undoubtedly  associated 'with 
the  coincident  increased  vascularity.  It  should  be  pointed 
out  that  the  hypertrophied  epidemls  of  older  hali'less  mice 
and  of  mothylcholanthrene-tx'^ated  telogen  skin  suggests  that 
an  active  bulb  may  have  some  effect  on  tho  skin  either  by  in- 
hibiting growth  in  the  other  germinal  eplthelle  or  by  ’’drain- 
ing" tho  stimulus  into  itself. 
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Two  early  atepa  in  the  quantitative  analysis  of 
biological  control  ayatems  are:  (1)  the  identification 

and  counting  of  control  elements,  and  (11)  an  oatlmate  of 
the  amount  of  control  exercised  (1).  In  this  reports^  an 
acQQunt  is  given  of  such  an  analysis  of  n»rT#  regeneration. 
Particular  attention  is  paid  to  the  collateral  regeneration 
of  intact  nerve  fibers  in  partly  denervated  maKssiallan  amselee 
’Rie  degree  of  specificity  exhibited  by  regenerating  fibers 
as  they  reconnect  with  their  end  organs  le  also  diaoussed. 


I.  Repair  of  Completely  Divided  Nernrea  - Terajaal  Regeneration 

The  regeneration  of  an  interrupted  nerve  le  described 
first  to  provide  a factxial  background.  The  regenerative 
process  depends  on  the  fact  that  a nerve  is  a cable  of 
nerve  fibers®  Bach  fiber  la  & oyfcoplasmlo  extension  of  a 
cell  body  vrhich  generally  lies  in  or  near  the  central  narroua 
gyetem.  The  fiber  extends  through  the  nerve  and  ends  finally 
In  a specially  structured  portion  of  a muscle  fiber,  gland 
or  s®ris*  organ. 

Following  severance  of  the  nerve,  d®gen*rativ«  ohangea 
occur  in  the  distal  portions  of  th‘i  individual  n#.rva  fibers 
which  are  cut  off  fi^om  their  cell  horM^n-.  Difl^ront  p>*rt3 
of  th®  fiber  react  d.ifr«;x-<?&£vi.y  iT.ie  ‘‘.cfnr.  sisl  its  Siyolir; 
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sh«ath  fragment*  and  the  resulting  debris  is  cleared  away  by 
phagocytic  oella.  The  rest  of  the  fiber*  ajsd  especially  its 
associated  sheath  cells*  undez'goes  changes  which  convert  it 
into  an  elongated  cord  of  f ibrotis  and  cellular  el#!B©nts  * 

Several  days*  at  least*  are  required  for  oon^letlon  of  these 
events  which  in  many  respects  are  more  constructive  than 
destructive. 

Meanwhile  the  central  ends  of  the  cut  fibers  undergo 
terminal  regeneration.  That  ie*  they  send  out  delicate* 
almost  submicroacople  processes  from  their  ac^jutated  tips. 

These  flXamenta  of  naked  cytoplasm  enter  the  distal  part  of 
the  nerve  txnink  where  they  than  preferentially  follow  the 
cords  of  converted  sheath  cells , In  this  way,  the  regenerating 
tips  are  eventually  led  back  to  the  periphery.  There,  they 
reestablish  connection  with  appropriate  end  organs.  In 
muscles*  this  results  almost  at  once  in  the  onset  of 
functional  recovery  and  the  arrest  of  atrophic  changes  which 
always  follow  denervation. 

Subeequent  phases  of  regeneration  depend  on  the  fact  of 
reconnection  and  fall  In  its  absence.  That  la*  renewed  inter- 
play between  nerve  and  muscle  does  not  await  the  coa^letion 
of  regeneration.  The  final  events  involve  partlcularlys 
1)  the  synthesis  of  new  cytoplasm  in  the  cell  body  and  the 
transport  of  that  oytopiasm  out  along  the  flbei»,  thus  per- 
mitting th©  latter  to  ••grow;'*  and  2)  th©  development  of  a new 
sryelln  sheath  and  the  realignment  of  the  absath  cells , 
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II,  Partial  Deaeryatlon  - Collateral  Rogoneratlon 

Tbe  picture  changes  when,  instead  of  couple te  inter- 
r\?)tion,  only  aone  of  the  fibers  in  a norve  are  severed. 

If  the  cut  fibers  are  free  to  regenerate,  then  subsequent 
erenta  are  Identical  to  those  Just  described,  However,  there 
are  several  sltviations  where  such  freedom  does  hot  exist. 

Por  exaiiple,  in  polloaiyelitia , some  of  the  fibers  may  bo 
wiped  out  because  their  cell  bodies  are  killed  by  the 
virtis.  Adjacent  fibers  may  be  quite  undamaged.  Here 
terminal  regeneration  is  Ispossible, 

It  is  also  feasible  to  produce  partial  denervation 
©xporlmoR tally.  In  most  limb  nerves,  the  constituent  fibers 
arise  from  cell  bodies  which  lie  in  two  or  three  adjacent 
segiaenta  of  the  spinal  cord  (Fig.  1),  In  their  initial 
course,  close  to  the  cord,  the  fibers  from  each  segmental 
level  run  in  separate  bundles.  Only  more  dlstally  do  they 
join  into  common  nerve  trunks  which  distribute  them  to  the 
liab.  One  of  these  separate  bundles  can  be  out  and  blocked 
aioeh&nlcally  so  that  it  will  not  regenerate.  The  result 
will  be  a partial  denervation  of  the  entire  system  distal 
to  tbs-t  point.  The  fine  snatoray  of  nerves  ie  such  that,  out 
in  the  muscles,  the  divided  and  degenerating  fibers  will 
foe  freely  intermingled  with  the  vnaff eoted,  intact  fiberc 
{cf.  Fig®  1), 

UndQT  these  circumstances,  the  residual  nerv®  fibers 
exhibit  & new  type  of  regenerative  behavior,  beginning  about 
4 days  after  the  operation  aisd  continuing  for  several  weeks 
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(2»3).  Somewhero  alone  the  l&at  few  millimeters  and  especially 
the  last  100  or  200  of  their  latramviscular  oovirse,  the 
azona  doTOlop  localised  weak  points  In  their  surface  membrane. 
Each  such  area  ten^orarlly  loses  Its  semi-rigid*  gol-llke 
eonaistency.  Cytoplasm  flows  out  laterally  and  establishes 
a collateral  branch  or  sprout.  Being  eiArroimded  by  numerous 
cords  of  sheath  cells  (from  degenerated  fibers),  the  new 
sprout  readily  makes  contact  with  or  reneurotlzas  a “guide- 
rail"  leading  to  an  en?>ty  ending  or  a denervated  m\isole  oell. 

It  then  rapidly  traverses  the  short  distance  to  the  latter 
and  penetrates  it. 

The  reestablished  connectioxi  becomeo  functicnal  within 
a few  days  at  moat,  as  Jtidged  both  by  the  recovery  of  muscle 
strength  and  the  arrest  of  musole  atrophy  (4*^*6 )•  After 
these  events,  the  rest  of  the  reparative  process  la  devoted 
to  enlarging;  the  new  collateral  brsnchoa  and  enshea thing 
them  with  myelin.  As  in  terminal  regeneration,  the  latter 
changes  occur  only  if  th®  sprout  is  actually  innervatliog  a 
muscle  cell. 

The  collateral  regeneration  which  follows  partial  dener- 
vation Is  remarkably  adaptive.  The  original  degree  of  de- 
nervation inevitably  varies  in  different  parts  of  a musole. 

Some  regions  are  almost  wholly  deprived  of  nerve  supply, 
others  suffor  relatively  light  losses.  Often,  within  a few 
mn^  of  muscle,  the  entire  range  of  possibilities  la  ro- 
preasntod,  Yot  in  each  local  area,  roughly  appropriftts 
numbers  of  new  sprouts  are  finally  established  - slmoet 
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noTer  too  many  and  only  occaalcnally  too  few*  That  Is » the 
regenerating  collaterals  tend  to  saturate  the  available  end 
plates  (2), 

The  percentage  of  sheath  cell  comB  wxuch  xiave  oeooi&e 
reinnervated  (reinnervation  percentages  R.F.)  increases 
with  the  duration  of  the  postoperative  Interval,  R,F,*s 
have  only  been  conjputed  for  postoperative  periods  of  4#  7 
and  14  days  (7)  but  extrapolation  cotablned  with  data  on  the 
recovery  of  smscle  strength  (6)  and  with  Increases  in  the 
nosiher  of  wuecle  flbars  supplied  by  Ijsdivldual  nerve  cell*  (2) 
gives  rough  values  for  the  resiainder  of  the  oowse*  The 
oiu?ve  in  Fig.  2 gives  a crude  ostiraate  of  the  Increase  in 
R.P,  with  tlmej  It  showo  that  while  nearly  half  of  the 
esspty  cords  are  reinnervated  after  2 weeks^  values  approaching 
100%  are  not  reached  for  many  weeks , Further the  curve 
portrays  an  ’‘average”  situation  only.  The  rate  of  R.P*  in- 
crease la  roughly  Inversely  proportional  to  the  amount  of 
denervation  originally  effected.  In  severely  affected 
regions,  full  reinnervation  usually  does  not  occur* 

Cauaal  feialygle 

Our  coxicept  of  the  controls  operating  during  collateral 
regeneration  is  presented  symbolically  In  Pig,  3«  The  fol- 
lowing account  considers  the  more  critical  svidenc®  and  th» 
reasoning  on  which  the  dlagras!-  is  baaed, 

Th©  collataral  sprout  ariseji  in  i’eapons©  to  sew® 
influence  originating  outaide  the  perent  axon,  Mhsthei*  this 
Influene©  is  an  active  stimul-atlori  or  a release  of  some 
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inhibition  of  * nomnlly-oisourrlzig  sprouting  potsntial  is 
uncertain.  But  both  on  the  grounds  of  available  evidence 
and  on  the  grounds  of  seeking  the  simplest  possible  hypothesis 
to  explain  the  known  faots«  an  active  stimulation  seeae  more 
likely.  ' 

The  stimulating  agent  is  probably  a chemical  substance 
(’’neurocletlu* ) {3tQ)»  The  evidence  for  this  is  entirely 
oirouicatanti&li  ether  extracts  (especially  thd  fatty-aeid 
containing  fractions)  of  myelinated  nerve  tissue  (either  in- 
tact or  degcneratlDg } initiate  collateral  sprouting  when 
injected  Into  normal  rijuselesj  extracts  of  other  tissues  are 
ineffective  (3).  There  is,  however,  no  crucial  evidenoo 
against  the  possibility  that  local  changes  in  such  factors 
as  pH  or  salt  balance  may  constitute  the  effective  stimulus 
(cf»  9»  p.  636). 

Heurocletln  (or  some  locally  altered  chemloal  state  ) la 
a product  of  the  activity  of  sheath  cells  of  degenerating 
fibers.  This  conclusion  can  be  reached  by  a process  of 
ollmination,  Denervated  muscle  tissue  itself  is  net  a source 
of  any  effective  agent  (10 ).  Although  myelin  contains 
neurocletia  and  presumably  can  releaae  it  dxiring  degener-' 
ation  (3)#  sheath  cells  probably  represent  the  original 
source*  Moreover,  collateral  formation  can  coeur  long  after 
all  traces  of  myelin  debris  have  been  reeorbod  (11)*  Sheath 
cells  shew  marked  changes  in  behavior  duriiig  this  period . 

They  div5.do  rapidly  and  undergo  cytochsaically  d6teot«^.ble 
alteration^  (12,13)?  aom©  transform  into  phagocytic  cells  (I4}; 
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others  becomo  realigned  into  the  cords  mentioned  above. 
The  siiggostlon  that  they  also  release  neurocletin  there- 
for© seems  a reasonable  inference, 

Neurocletin,  once  released,  is  readily  diffusible 
and  is  not  quickly  deatroyodj  it  is  effective  at  a range 
of  several  mllliaetez's.  Evidence  fo?  this  fessertioa  is 
avsggostive  but  not  very  satisfying.  Regenerative 
activity  proceeds  more  rapidly  in  partially  denervatcd 
xsusoles  which  lie  next  to  eoa?5letely  denervafced  muscles 
(10, l5);  localised  intramuscular  injeetions  of  nouro- 
cletin-oontalnlng  extracts  load  to  collateral  formation 
outside  the  larmedlate  aone  of  Injection  (3)*  Therefore, 
gredients  or  differential  patterns  of  neurocletin 
distribution  cannot  b®  lovokect  to  explain  variations 
in  the  number  of  collaterals  which  develop  la  various 
local  regions • 

The  primary  effect  of  neurocletin  on  Intaot  nerve 
fibers  is  to  produce  localised  llquefication  of  the 
gelated  certloal  axoplasm  (axogel),  tbits  rre&tlzug  a 
breech  through  which  internal  axoplasm  (axosol)  can 
EiovCc  Virtually  all  recent  workers,  beginning  ©speolRllj 
with  Weiss  (16),  have  visualized  the  Initiation  of  fiber 
branching  in  these  tenns.  A fatty  said  (ois-vaocenic ), 
possibly  related  to  neurocletin  (S),  hemolyses  erythro- 
cytes and  also  Inhibit*  b&eterl&l  respiration  (17,18), 

It  is  therefor©  not  unreasonable  to  assign  a comparable 
rols  to  neurocletin  whieb  could  exert  its  effect  by 
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modlfylag  the  trana -membrane  potential  and  hence  the  per- 
meability of  the  ajcon  membrane  (of.  19). 

The  aubaequent  outgrowth  of  the  oollateral  la  Izsdepandent 
of  neurooletin  and  dependa  on  properties  of  the  parent  axo- 
piaam.  As  aifesol  flows  out,  it*  cortical  layer  gela,  estab- 
lishing a cylindrical  contour  for  the  sprout.  The  advancing 
tip  either  remains  liquefied  or  beeoaea  & readily  revorsibie 
aol-gel  system.  These  stataments  syntheaize  views  on  cell 
locometlca  In  general  - a process  which  is  still  poorly 
understood  (9).  No  oomwitaent  need  bo  made  as  to  the  nature 
of  the  factors  which  produce  locomotion  of  the  collateral 
but  presumably  both  Intra-  ajid  extra-axonal  forces  are  in- 
volved (16).  The  lahlbitbry  effect  on  sprouting  of  sti^h 
mucopolysaccharides  as  heparin  and  colchicine  (7)  Is  pro- 
bably exerted  dixring  the  establishment  of  the  sprout  since 
bot  tnese  agents  prevent  cytoplasmic  gelation  and  can 
hardly  bo  assumed  to  interfere  with  initial  sprout  emergence 
(11).  There  is  some  evidence  (7)  that,  under  as  yet  undefined 
conditions,  colchiein©  may  synergiao  neurooletin  asd  permit 
multiple  break  throughis  at  a single  level  of  the  parent  axon. 
X-irradiatiou,  a«  well  as  electrical  stimulation  of  the  axon, 
may  have  similar  synarglring  effects  (7,20). 

71a®  outgrowing  collateral  has  a aeleotive,  althouigh  not 
an  exclusive,  affinity  for  cords  of  sheath  cells.  This 
affinity  t»  both  a matter  of  observation  (2,3)  and  an 

crone  o studies  on  terminal  nerve  regeneration  whero 

the  advance  of  the  Rxone.l  tip  is  facilitated  by  contaat  with 
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Shaath  calls.  After  making  contact  with  one  of  these  cords « 
which  lie  a few  micra  at  most  from  the  point  of  sprout 
emergence,  the  collateral  is  guided  directly  to  an  •’ea5>ty** 
end  plate.  Probably  few  outgrowing  sprouts  fall  to  make 
vozineetion  with  she&th  cell^  and  of  these,  the  great 
majority  are  resorted* 

The  release  of  ne’orocletin  by  sheath  cells  is  halted 
whan  they  are  reneurotized  by  collaterals.  As  succosaiTely 
larger  numbers  of  cords  are  reneuro tlzod,  the  concentration 
of  neurocletia  around  the  intact  axons  diminlahes,  Finally, 
at  some  critical  value,  sprouting  ceases.  This  is  speculation 
but  It  is  apparently  the  sia^lest  hypothesis  to  explain  the 
termination  of  collateral  formation  (11).  Direct  observation 
ahowa  that  reneurotisod  sheath  cells  alter  their  behavior  in 
that  they  begin  to  envelop  the  new  axon  branch  and  cooperate 
in  forming  a myelin  sheath.  Further,  the  sheath  becomes 
refractory  within  a few  days  to  innervation  by  another  axon 
branch  (20),  This  Implies  other  changes  in  eheath  cell 
activity,  one  of  which  tmj  bo  the  diversion  of  metabolism 
away  from  neuroclotin  synthesis  or  relesao. 

The  continued  exlatenc®  of  any  given  oollatsral  de- 
pends critically  on  the  es tabllsiaxent  of  contact  with  a 
cord*.  More  collaterals  are  produced  tbmx  there  are  cords 
available!  the  supemTxmerary  branches  are  reaorbed, 

Cbsorvatlon  indicates  that  comiocted  collaterals  are  stable 
(ind  not  subject  to  resorption  (2),  In  sorm  unknown  mrmsr* 
tb©  cells  with  which  tbd  ccXlatoral  comes  In  contact  in- 
flnence  both  Ita  survival  and  its  growth  In  else*  In  this 
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reapoety  th«  ooll&teral  bohavea  in  tbo  aaiaa  xoanner  as  a 
tarainallj  regenoratlng  axon  which  also  dopends  on  Its 
poripbsral  connection  for  »o«e  "tpophic**  influence  (21), 

In  the  latter  case,  the  effect  is  probablj  exerted  indirectly 
through  xaodif ioation  of  the  metabolic  activity  of  the  cell 
body  from  which  the  axon  derives  all  of  the  axoplasm  nec» 
essary  for  growth  and  maintenance  (22).  During  collateral 
regeneration,  the  effect  may  not  extend  as  far  back.  But  a 
signal  must  extead  at-  least  as  far  as  the  origin  of  this 
collateral  if  appropriate  amoisnte  of  axoplasm  are  to  be 
diverted  from  the  parent  fiber.  Unconnected  collaterals  arc 
very  rare.  When  they  do  occur,  they  feili  to  grow  in  caliber 
and  exter^d  for  long  distances  (up  to  PCOj;, ) in  th©  endo*'^ 
nysium  (2,20)<. 

The  assertion  that  supemumei^ary  branches  are  produced 
and  than  roaorbed  la  an  inference  in  this  context.  But 
observations  on  neux^ons  in  tissue  culture  and  on  nerve  fibers 
of  the  living  tadpole  tail  provide  indirect  ST:qpportiag  evi- 
dence (23,2i4).  The  proposal  would  provide  a satisfactory 
explanation  for  the  occurrence  of  appropriate  numbera  of 
collaterals  in  the  finished  product* 

Number  of  Control  Points 

In  the  aystem  just  described,  there  are  five  obvious 
control  points.  The  following  phenomena  result  from  activitlss 
ec ©wring  at  those  points  (cf.  Fig.  3;S 

1)  traas format ion  of  sheath  cells  following  axon 

2)  gcl-Bol  cliange®  in  th*  membrane  of  intact  axons  tmder  in- 


Bdds  11 


flu«no*  of  ’‘nauroclottn;’*  3)  guldanc*  of  new  oolXaterala  by 
sbeath  cell  cords;  4)  inhibition  of  neurocletin  release 
from  sheath  cells  following  reneurotieation;  5)  Jaaintenanee 
and  *growth**  of  new  collaterals  under  inflixence  of  sheath 
cells  and/or  end  plates.  The  remaining  ©vents  do  not  depend 
9XX  controls  unique  to  this  system  but  result  froa  properties 
which  are  characteristic  of  the  cooponent  cells* 

V.  Specif loity  In  Regeneration 

In  tho  preceding  section  w®  have  discussed  proceswec 
which  lead  to  the  connection  of  a nerve  fiber  with  an  end 
organ;  we  now  turn  to  mechanisms  which  control  the  con- 
neotion  of  specific  fibers  with  speoiflo  end  organic*  The 
pr-oblemjs  ooneidered  deal  essentially  with  euch  questions 
as?  Itfhat  degree  of  specificity  is  exhibited  by  regenerating 
norvo  fibers  as  they  reestablish  th^ir  terminal  connections? 

Does  a particular  laotor  axon  have  an  -fflnlty  for  a partlcxsler 
type  of  muscle  fiber  and  for  no  othert  I»  a sensory  fiber 
stasilarly  rsatrlcted?  Can  azons  connect  with  "forsiga”  end 
ox^gans  in  a manner  which  thought  struoturally  atypical,  still 
perssifcs  function  (in  th®  sense  of  conducting  appropriate 
iapulsas  to  or  from  those  end  organs)?  Does  the  rsestabllah" 
went  of  central  synaptic  relations  follow  the  same  or  dif- 
ferent rules? 

A.  3peoificlty  During  Reeoaneotlon 

Th©  dogr«®  of  specific  interact ion  eabibitod  during 
the  reeoxmec tion  of  nerve  fibers  varies  markedly  In  differ- 
ent animals  and  In  different  nerves  of  the  ssDns  animal  (Pig,.  4)« 
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1.  Peripheral  Reconnection 

In  general,  peripheral  nerve  fibers  are  relatively  non~ 
ovlectlve  both  dwLvlzsg  deveXopuieut  (?lg«  and  durlxig  rS"* 

generation  (Fig,  4B)»  ^ motor  axon  detects  the  difference 

between  ® motor-  aM  a sensory  end  organ  and  will  z\Qt  connect 


with  the  latter  either  structurally  or  functionally.  The 
same  is  true  both  for  aensory  and  for  autonomic  fibers  (21). 

In  the  latter  caae,  adrenergic  fibers  will  not  even  form 
coimvotloos  with  cholinergic  endings  (25  )•  jaowever,  any  motor 
fiber  will  form  a atructxirally  and  fuinctlonally  typical  associ- 
ation with  any  mtiecle  fiber,  aimllarly,  sensory  axons  can 
connect  with  and  carry  impulaes  from  any  peripheral  sensory 
station.  In  either  oase,  the  periphery  exerts  a trophic 
laflusnc®  which  is  not  distinguishable  from  the  normal  (21), 

In  view  of  the  dieor-derliness  of  at  least  part  of  the 
pathway  followed  by  regenerating  fibers,  the  ox'derly  linkages 
previously  existing  between  peripheral  tissues  aiwi  the  nerve 
canters  are  inevitably  disarranged.  Unless  some  klrtd  of 
central  reorganization  occurs,  varying  degrees  of  malfunction 
will  result  (mislocalizatioa  of  sensory  stimuli,  uncoordinated 
muscle  contraction,  etc.).  In  oiKphlbian  larcae,  such  central 
reorganization  apparently  does  occur  - either  by  a rashuffing 
of  synaptic  association  (Sperry,  26)  or  according  to  & physio- 
logical resonance  principle  (’rfetss,  2? ) - and  normal  functional 
patterns  are  reestablished.  He toasorp hosed  amphibia  hav® 
aiostly  lost  this  ability  and  for  soito  isuaclss  (o,g.,  th»  sx-“ 
triiieio  Baiaeiaa  of  the  sye). 


the  capacity  for  reorgarilsation 
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disappears  In  early  larval  stages*  Zu  mammals*  the  plastioity 
Is  already  gone  at  birth;  presumably,  it  does  exist  in  em- 
bryonic stages  (26). 

Although  these  findings,  taken  by  themselves,  la5>ly 
rstlatively  low-grade  speoificity  for  peripheral  nerve  re- 
generation in  the  adxilt  organism,  some  more  refined  pro- 
cesses of  specification  clearly  must  Intervene  dtirlng 
development.  Otherwise,  we  cannot  account  for  the  origin  of 
th«  orderly  pattern  of  Interconnections.  Evidence  that  suoh 
specifics tion  does  occur  comes  from  studies  on  the  re- 
ea tabliehment  of  synaptic  relations  during  regeneration. 

2,  Synaptic  Reconnection 

Ths  classic  studies  of  Langley  {2$)  demonstrated  that 
during  regeneration  of  preganglionic  autonomic  fibers  into 
the  superior  cervical  ganglia,  a marked  tendency  exists  to 
restore  original  linkages  among  fibers  of  at  least  6 differ- 
ent fixnctlonal  types  and  the  neurons  of  the  ganglion*  More 
recently,  Sperry  (26)  has  sbovra  that  an  even  higher  degree 
of  specificity  obtains  during  the  regeneration  of  the 
suri^pklb iajQ  optic  nerve  into  the  visual  centers  of  th»  mid- 
brans  (Pig*  UC).  'The  optic  fibers  systeafttically  reconnect 
in  (or  near)  their  original  terminus  so  that  each  retinal 
iocvis  again  possesses,  at  least  roughly,  the  same  midbrain 
esid  ottttions*  These  relatione  are  set  up  in  a predefined 
manner,  regardless  of  th©  adaptiveness  of  the  functional 
result*  For  example . section  of  the  nerve  followed  by 
rotation  of  the  ©yo  through  1S0°  leads  after  recovery  to 
permanently  ravsraed  vieuomotor  reactione  - permanant  ujEiless 
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tho  ay*  la  arotatad  back  to  Ita  original  poaltlon. 

Tbo  axtact  degree  of  apeclficlty  wMch  muat  be  poatulated 
tc  accoiint  for  thaae  results  Is  imcortaln.  Tho  difficulty 
liea  In  part  in  detenaining  the  precision  of  visual  locali- 
zation in  An^hibla,  and  in  oatlmating  the  degree  of  precision 
recovered  after  regeneration.  The  projection  of  retinal 
loci  on  the  optic  teetum  is  lesa  ordered  than  in  man,  but 
Just  how  much  lesa  is  not  accxisrately  known  (28).  The  behavioral 
testa  used  by  Sperry  (o.g.,  the  ability  to  capture  e moving 
lure)  only  permit  » coarae  eatlmata  of  the  range  of  the 
apeclficlty  imrolved.  At  a meximum.  It  would  be  the  equiv- 
alent of  between  13  and  1$  bita  since  there  are  acme  10  to 
30,000  fiber*  In  tha  optic  nerves  of  the  salamandora  and  frogs 
studied  (29).  If,  however,  a given  regenerating  axon  had 
merely  to  select  any  one  out  of  a clustered  group  of,  say, 
about  100  almoat  functionally  equivalent  mldbraln  neurons, 
thia  would  reduce  its  task  to  tho  equivalent  of  some  7 to  9 
bits.  If  most  of  the  fibers  fi’om  ita  99  adjacent  ganglion 
cells  terminated  in  a statistically  orderly  geometrical 
pattern  In  the  same  clustoi*  of  2nd  order  neurona,  then  the 
ability  to  distinguish  sjiiotig  a maxlmtim  of  100  to  300  retinal 
loci  woiild  be  recovered.  This  number  Beema  barely  aufflclent 
to  account  for  Speny^s  observations.  Assuming  a retina  with 
a surface  area  equal  to  one-half  that  of  a sphere  5 csn.  In 
diameter,  300  equidistant  loci  would  lie  roughly  360ia  apart, 
h lure  tba  g5zs  of  a fj.y  held  cm.  from  tbis  eye  would  pro- 
duce a retinal  with  linoer  dlminsilons  of  some  200p. 

Mlth.  oxily  300  3.ocl,  the  visual  Imege  would  be  very  coarse 
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gainad  but  a moving  lura  might  be  localized  with  sufficient 
precision  to  permit  an  accurate  strike.  Actually,  the  loci 
are  probably  not  oquidiatant;  in  th©  area  centralis  where 
objects  are  normally  perceived  with  greatest  acuity,  dlstln* 
qulshable  loci,  both  before  and  after  regeneration,  are 
doubtless  much  more  densely  concentrated.  But  this  does  not 
alter  the  essential  character  of  the  problem  ar*d  we  can  only 
conclude  that  a closer  estimate  will  depend  on  a more  re- 
fined quantitative  analysis  of  such  things  as  behavioral 
responses,  retinal  organization  and  projection  on  the  mid- 
brain  and  motor  nuclei. 

Spetnry  has  also  studied  the  regeneration  of  sensori- 
central  connections  in  the  vestibular , cutanoous  and  pro- 
prioceptive systems  (26).  In  each  case,  behavioral  patter-un 
after  regeneration  is  eoicplete,  again  indicate  an  orderly, 
systematic  reestablishment  of  connections  leading,  at  least 
approximately,  to  a recovex^r  of  the  original  synaptic  pattern. 
Pi'ssumably,  therefore,  sensory  neurons  in  general  are  spe- 
cified and  are  thereby  able  to  discriminate  rather  preelaely 
between  varloxxs  central  neurons.  There  are  at  preeont  no 
quantitative  data  on  which  to  base  an  estimate  of  th©  degz*©s 
of  specificity  Involved.  As  a guess.  It  is  probably  leas 
than  that  of  the  optic  system. 

The  matching  epectflclty  of  the  2nd  order  centi'al 
neurons  which  this  conclusion  requires  is  mors  than  an  infer- 
ence, it  can  be  demonstrated  experiiuentally  (26).  Section 
of  the  bxmin  stem  between  tho  mid  and  hlM-brain  severs 
(among  mmerous  otliors } the  tectobulbar  jind  taotospiiial 


tracts  which  are  composed  of  2nd  order  fibers  conducting 
visual  Impulses  Into  the  motor  centers  of  the  medulla  and 
cord.  Despite  conditions  favoring  extreme  intermixing  of 
fiber  types  during  regeneration,  synaptic  reconnections  are 
aaOV uaIOX  O G a SS£i.mG  1.X1  ouTl  O S I*"  ly  fasMon  (cf.  Pig.  Ip).  The 
recovered  vlsu-motor  responses  are  normal  unless,  for  example 
the  eye  bus  meanwhile  been  rotated.  Then,  the  responses  are 
reversed. 


B.  Conclusions 

On  the  basis  both  of  the  evidence  considered  here  and 


of  other  r'oauits  wliich  will  not  be  presented  In  detail, 

Sperry  has  constructed  the  following  working  hypothesis. 
During  development  (Fig,  l^V ) various  peripheral  structures 
(retina,  skin,  joints,  muscles,  etc.)  "spontaneously"  acquire 
a highly  refined,  field-llko  specification.  Outgrowing 
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stations  due  to  such  relatively  unspecific  factors  as  short 
distances  and  mectianlcal  guidance.  The  fibers  are  then 
specified  by  the  tissues  which  they  innervate.  Second,  third 
etc,  order  central  neurons  develop  matching  specificities  by 
unknown  mechanisms,  but  independently  of  the  periphery. 
Synaptic  relations  between  central  and  peripheral  nexir'ona 
are  then  established  in  accordaxiee  with  their  I'ospQetive 
"chemo-af f inities These  synaptic  relations  remain  plastic 
and  subject  to  read  jus  tment  (e.g,,  after  ey.psrimentai  mls- 
oormection  cf  center  and  pariphoral  organ)  for  periods  o.f 
time  which  vary  in  different  regions  of  tho  body  end  in  dlf- 
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ferent  speciep.  Eventually,  the  specification  becomes  fixed. 
Thereafter,  neurons  retain  their  local  sign  properties  dek;- 
pite  the  fact  that,  foiiowirig  their-  severance  and  regeneration, 
severely  maladaptive  function  may  result  (Pigs,  I4B,  C and  D)- 
Despite  the  relatively  large  amount  of  evidence  which 
underlies  this  hypothesis,  it  is  evident  that  the  origin  and 
the  number  of  controls  of  netiral  organization  can  only  be 
considered  in  vague  generalities.  Considerable  and  detailed 
specificity  seems  to  be  an  essential  inference.  In  the  best 
known  case  - the  visual  system  - the  arguments  presented 
above  suggest  that  the  specificity  involved  may  be  about 
7-9  bits.  This  litplles  that  the  controls  ax*e  not  so 
coEjplex  as  to  make  further  aixa3.ysis  hopeless. 
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Dspartsssnt  of  Biology,  Bro<m  IfeiToralty,  ProTldeacs 
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Tills  essay  is  sa  stteapt  to  tIsw  tht  slimeixtsry  trsct 

ooatroi  ayataa  - its  oospoaonta  «ad  its  ehaim*!#  of 
ooza*aai<sstloii.  It  is  tii«?sfcr«  by  no  coaiia  a coaplsts 
sseouttt  of  tha  physiology  of  digo»t-ioix»  Only  a fea  p&rtio- 
■tzispiy  portln&nt  and  wall -studied  sspacts  are  dlicussid. 
PPTtb.»raor-» , no  sttoagjt  Is  ancis  to  prasoct  t'a«'  several  sides 
of  ezisttag  seiestiflc  ■eontroTsrslos . For  th*  sake  of 
sia^ltcity  soa«  sery  si*bttr*ry  ohotcos  iatrs  been  aade.  If 
30SVS  of  taeee  sbouid  1ft tsr  b«  ysTCftlad  to  be  srroneous,  the 
defcfttls,  but  not  tbs  geaorsl  principles,  of  tiic  story  aust 
be  changed* 

The  priss&ry  fuactles  of  the  elliseatery  treat  i*  the 
traaefer  cf  nutrients  fro*  the  lusea  of  the  treet  into  the 
ctreiiiatory  system.  Por  ssost  of  the  oheasleel  constituectm 
of  the  diet  this  procese  of  *o«orptlon  must  be  pracsded  by 
a certtin  degree  cf  phyaicel  end  cbestical  preparetien-  The 
actor  activity  of  the  digostire  tract,  aohleved  aorsally 
through  the  integrated  contractloaai  of  circular  and  lorigitu- 
dinal  sjBDOth  atuecle  fibers,  serros  to  propel  the  I es ted 
food  through  the  canal,  louring  its  pa-ssage  the  food  is 
exposed  t-o  a variety  of  secretions  of  vhlch  s-otie  contain 
hydrolytic  onxyiBOB,  The  che®ie&l  scrion  or  taes®  ensyise-s 


together  witn  t-ns  solvent  sctioa  of  vatsr  is  largely  *de- 
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quats  to  prepare  In^eated  foods  for-  absorption.  In  general 
terms  s ’sotility  and  secretion  are  under  dual  control  - nerrous 
and  hormonal.  Response  to  nervous  stimulation  is  swift  and 
incisl7ej,  while  hownonal  control  Is  slow  to  raanifect  itaelf. 
VMle  it  has  been  suggested  that  absorption  is  likewise  under 
nervous  and  hormonal  control,  the  evidence  is  not  convincing* 
and  one  Eioat  look  elsewhere  for  an  eKplanatlon  for  the  control 
which  the  orgsmism  Is  known  to  exert  over  the  absorption 
process* 

Nervous  control  of  gastrointestinal  functions  is  effected 
through  the  agency  of  several  intrinsic  plexuses  - inter- 
locking norve  fibers  embedded  in  the  tissues  of  the  atomach 
and  the  intestines.  These  nerve  neta  are  linked  to  the 
central  nervous  system  (spinal  cord  and  brain)  by  two  sets 
of  fibers*  parts  of  the  parasympathetic  and  the  syspathetie 
nervous  systems.  These  extrinsic  fibers  exert  a modifying 

•WMX  .8*  Vl.'«iOV«  XIU  W <(9¥  O'!*  ^ UUXf  XJU 

plexuses  ere  capable  of  regulating  much  of  the  gastrointestinal 
activity  ©von  when  the  extrinsic  sxipply  is  latorrxjpted. 

While  aerrc  fibers  are  in  intimate  contact  with  th«  site 
of  stimulation  and  the  responding  atructuree,  hormones  are 
llberatod  by  suitably  stisaulated  cells  and  enter  the  blood 
strfeam,  which  eventiutlly  carries  them  to  a responsive  tissue. 
For  this  reason  response  bo  nerve  impulses  may  occur  la  a 
fraction  of  a second*  while  it  may  take  aevoral  minutes  to 
convey  e aisssage  via  the  ©ndocrlne  system. 
s»®  Foriton  (1948)*' 


For  further  details 
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5hf  eTolution  of  multicollwlar  organiaoie  from  taaicelluler 
foriss  tempts  one  to  speculate  about  the  CYolutionary  history 
of  biological  control  systems  in  tornrs  of  the  ooa^lexlty  of 
control  at  different  levels  of  organisation  - oell,  tissue 
organ  and  organ  ays  tea*  Superf  iolally  the  gastrointestinal 
tract  would  sees}  to  lend  Itself  to  such  considerations  since 
appreciable  laferaatlen  le  available  about  the  controls  at 
several  levels  of  activity:  the  parietal  cell  and  its 
special  task,  the  secretion  of  BCl;  tho  ctomaoh  and  its 
chief  functions  of  gastric  juice  production  and  gastric 
eisptylngi  the  entire  gastrointestinal  tract  and  ita  tasks 
of  Boveisent;  secretion  luqiiA  absorption* 

Seoretion  of  BCl  by  the  Parietal  Call 

In  the  normal  intact  animal  the  control  of  acid  secretion 
begins  in  the  mouth.  Contact  of  food  with  the  lining  tissue 
initiates  the  cephalic  phase  of  gastric  secretion.  Under 
suitable  conditions  the  sight  or  the  thought  of  food  is 
sufficient  to  initiate  secretion.  This  aspect  of  secretory 
control  vanishes  when  tix©  vagi  are  severed,  ill  though  this 
fact  led  originally  to  the  conclusion  that  the  control 
laschanlasft  ie  purely  a nervous  one,  tJvnSla  {1942)  and  others 
have  obtained  evidence  suggesting  that  nerve  Iz^tilses  via 
the  vagi  stimvOLat®  the  pyloric  i»«glon  of  tha  etomaoh  to 
liberate  & h^Kaoral  agent  which  finally  stimulates  the  parietal 
cella  to  secret®  acid. 

Co.Gtacv  of  oertaiu  poorly  eiiarac  torised  ohaiaie&l 
substaric^s  ( aecrotagogues  ) with,  t>is  gastric  mucosa  os'  dla- 
tension  of  the  stoiaacia  wall  initiates  the  gastric  pba.se  of 


4 Fenton 


secretion.  Both  types  of  stimuli  act  upon  sense  organs  In 
tho  gastric  mucosa  and  may  bo  rendered  ineffective  by  the 
application  of  cocaine  or  the  injection  of  atropine.  Further 
transmission  of  the  signal  occurs  via  two  paths?  (1)  th© 
liberation  of  the  hormone  gastrin  wnlch  presumably  aots  as  a 
direct  stimulus  to  tho  parietal  cells » and  (2)  the  nervous 
pathways  via  tho  central  nervous  system  and  efferent  fibers 
of  the  vagus.  Impulses  coming  over  the  vagi  under  these 
condltioos  may  act  by  liberating  histamine  which  then  incites 
the  parietal  colls  to  secrete  (Orosaman  and  Robertson,  1948)* 
The  Integrity  of  the  vagal  innervation  is  liaportant  In  ssaln- 
talning  th©  sensitivity  of  the  parietal  colls  to  histamine, 
Bsrontially  the  same  stlrnttll  which  Initiate  th©  gastric 
phase  of  secretion  also  set  in  motion  the  evacuation  process 
and  thus  commence  the  Intestinal  phase  of  gastric  secretion. 
Although  th®  evidence  is  not  clear-cut.  It  suggests  that  both 
husoral  arid  aez-vous  pathways  (via  the  vaglj  are  Involved, 

Three  mechanisms  sxlst  which  can  effectively  diaeiinlsh 
the  production  of  add.  The  first  is  a short  loop  coasistiiig 
of  the  parietal  call,  its  product  - BCl,  Uiid  the  InM.bitis'm 
of  the  parietal  cell  by  Its  product.  The  second  loop  Involves 
the  combined  action  of  HCl  and  pepsin  on  th©  gastric  contents, 
hydrolyzing  and  liquefying,  thus  reduci^ig  the  interna Ity  of 
the  stimulus.  The  third  mechanism  involves  the  initiation  of 
gastric  motility  and  gastric  evacuation  - agalrs  sarving  to 
reduce  the  intragaatric-  stimulus , 

In  addition  a special  mschanlsm  exists  Whan  fata  or 
hypertonic  solutions  are  brought  in  contact  with  the 


^ •*. 
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tlaal  s!Uco3&»  acid  secratloa  is  inhibited.  Nervous  and 
hormonal  (enterogastrone ) factors  mediate  this  effect. 

!):Vo  vmcertaintles  eonbine  to  make  difficult  a count  of 
the  number  of  primary  control  points  la  acid  secretion  (Pig.  1). 

r*XFS  Ic  Xit  X9  V ^C&3  V£*iUXl  «B.XAA  JL»0J  XA^9  tt»9SA.L«i 

the  cephalic  and  Intestinal  phases  are  Identical.  Second  it 
is  conceivable  that  any  or  all  of  the  three  atlMulat-lng 
hor9K>nes  act  by  liberating  bistamlnej  the  latter  could  pos- 
sibly be  the  final  cesaaon  path  in  the  cephalic,  gastric  and 
intestinal  phases  of  aoeretlon.  Thus  the  least  masber  of 
primary  control  points  la  3;  the  largest  6.  On  the  basis  of 
present  evidonco  the  ooatrois  which  finally  act  upon  the 
parietal  cell  are  exclusively  chensical* 

Functions  of  the  Stomach 

In  addition  to  the  acid  secretion  already  discussed , 
the  stomach  produces  the  en2;y»e  pepsin  (as  well  as  roan&in 
and  possibly  one  or  two  others).  It  also  produces  a slightly 
alkaline  diluting  fluid  and  mucus.  Furthermore*  the  stomach 
exhibits  motility  which*  in  integrated  form*  is  asaalfest  as 
gastric  evacuation.  The  effective  stimuli  are  diatension 
and  & group  of  chemical  substances  (Fig.  2), 

The  controls  Involved  in  these  oourolox  secretory  and 
saotoT  processes  overlap  in  several  IsQxsrtant  rospeota*  !,«.* 
stimuli  which  tnitlat©  gastric  asctlllty  also  elicit  under 
certain,  comlltions  the  production  of  muouij  oatsi'ogas trons 
wMch  inhibits  acid  aeer^tlon  also  Inbi bits  papain  output 
and  j.'educos  gastric  motility.  Thus*  in  addition  to  the 


6 Fenton 


controls  indltrarbed  for  the  acid  producing  mechanism,  only  a 
relatively  few  new  controls  must  be  added  to  regulate  all 
secretory  and  no tor  activities  of  the  stomach. 

Pepsin  output  appears  to  be  almost  entirely  under 
nervous  control  involving  the  va.gi  acting  through  the  in” 
trlnslc  plexuses.  Syaq>athetle  stimulation  has  some  small 
effect  on  pepsin  secretion.  The  flow  of  the  alkaline  diluting 
fluid  and  mucus  is  stimulated  by  the  vagi  and  to  a lesser 
degree  the  sympathetica. 

Motility  may  be  initiated  directly  by  distoasiou  of  the 
sjuioth  jaoacle  fibers  or  through  reflexes  involving  the  vagi 
and  the  intrinsic  plexiuies.  It  may  be  inhibited  by  lapulses 
via  th©  syjspathatic  fibers  or  through  tho  chemical  action  of 
onterogas  trone • 

Thus  the  control  of  acid  production  by  the  parietal 
cell  has  been  shown  to  involve  3-6  control  points.  Th® 
addition  of  3 control  points  and  4 oonponents  permits  tho 
stomach  tc  c&rry  out  its  functions. 

Control  at  tho  Organ  System  Level 

It  is  possible  to  think  of  the  gastr^intea tinai  tract 
as  being  eosapoaed  baaicaliy  of  a multitude  of  similar 
functional  units  having  the  ability  to  contract,  conduct, 
secrete  and  absorb.  Obviously  the  unit  must  be  coaqposed  of 
several  cell  typos:  smooth  muscle  fibers  to  contract  and  to 

conduct  Jinpulses;  secretory  cells  to  produce  alkalina  dilating 
fluid  arsi  rsacus;  iiot'VQ  f.lb©rs  of  the  intr5>ri3io  ploxuses  to 
conduct  and  coordiaats.  Thus©  unlta  b©  thotight  of  aa 
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Fig.  Control  lyttem  — gcisuo-inlnsitnal  iroct 
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differing  very  slightly  from  one  another  In  a quantitative  | 

rather  than  qualitative  sens©.  They  are  ao  arranged  that  the 
moat  reactive  units  are  placed  orally  with  leas  and  less 
reactive  ones  following  aborally.  Ko  specific  sl»e  needs  to 
be  assigned  to  the  imlt. 

These  basic  units  are  controlled  by  direct  stimuli 
(distension  and  chemical  agenta ) and  by  impulses  carried 
over  parasyxapathetlc  and  sys^pathetlc  fibers.  Chemical 

V-'? -f- ? --.w  ft  Axinff  Tfnter'ft'yaR  tT»ona 
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aeoa  to  have  been  tested  for  its  effect  on  the  intestinal 


musculature.  It  la  therefore  debatable  whether  this  hormone 


does  have  o generalised  effect  on  alimentary  smooth  lauacl©  ox’ 
whether  it  Is  a apaclfio  device  for  the  control  of  gastric 
activity. 

In  addition  to  the  basic  units  certain  special  con^sonents 
are  built  into  the  digaativs  system:  salivary  glands, 

parietal  ccilsp  pancreas,  gall  bladd«r>  ©nayme  producing 
cells  of  stomach  and  small  intestine,  and  homon©  producing 
cells  (Fig.  3)»  The  total  nmbes'  of  control  poiixta  for  the 
entire  organ  system  must  than  be  the  sxsa  of  controls  for  tb® 
basic  and  special  xinlts.  Corrected  for  situations  in  which 
two  or  more  conmonents  are  influenced  by  identical,  control 
points,  the  total  eoxmt  for  the  entire  gastrointestinal 
tract  is  13.  Of  this  number  5 concerned  solely  with 
the  s9C2*etioa  of  the  parietal  calls. 
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Absorption 

fbe  driving  force  in  the  passage  of  a nutrient  from  the 
gastrointestinal  lumen  into  the  oireulatory  systems  is  the 
concentration  gradient  between  the  tWo  sides  of  the  absorbing 

y*. 

membrane.  In  some  instances  this  Is  eonsiderably  roenf creed 
by  specific  cellular  processes  ( i.e.,  phosphorylation  of  some 
carbohydrates ) which  endow  the  absorbing  membrane  with 
’’selective'*  permeability.  It  is  difflcvilt  to  count  control 
points  since  none  of  the  factors  influencing  absorption 
rates  exert  a large  enoxigh  effect  to  warrent  their  being 
placed  in  a unique  category.  It  is  equally  difficult  to 
arrive  at  an  accurate  count  of  the  total  number  of  forces 
which  exert  some  small  effect  on  the  absorption  rate.  A 
minimum  value  might  be  about  This  is  In  sharp  contrast 

to  closely  controlled  processes  such  as  HCl  secretion  where 
a very  few  control  points  modulate  activity  between  zero  and 
some  unknown  maximum  in  order  to  meet  fairly  specific  re- 
quirements. Absorption  is  in  a sense  a clean-tip  job  whose 
actual  rate  is  not  of  great  significance  to  the  organism. 

While  the  process  can  occur  even  with  a dead  membrane,  it  is 
somewhat  refined  by  cellular  participation, 

CoHgonents  and  Controls 

Iiooklng  upon  the  gastrointestinal  tract  from  the  stand- 
of  control  systems,  one  is  Imaodiately  impressed  by  the 
multiplicity  of  components  carrying  out  identical  functions. 
Amylase  is  produced  by  the  salivary  glands,  the  pancreas  and 
the  smeosa  of  the  small  Intestine,  each  enzyme  differing 


wKaioaMcew 


Fenton  9 


somewhat  from  the  other  In  structure  but  not  In  function. 

'Three  pT^otein-apllttlng  ensymas  are  produced,  two  or  possibly 
three  lipases.  In  most  of  the  oases  cited  the  mechanism 
controlling  secretion  differs.  It  Is  possible  to  visualize 
a digestive  system  in  which  a single  cell  typ®,  distributed 
over  the  length  of  the  tracts  produced  all  the  needed  enzymes. 
Iho  felaalbllity  of  such  a design  Is  svtggested  by  the  simul- 
taneous secretion  of  three  or  possibly  more  enzymes  by  the 
acinar  cells  of  the  pancreas « Thusy  the  queatlon  beeoiBoa 
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pazard  duplication  of  oon?)onents  and  controls?**  0a»  thought 
aiiggeata  Itself  iBanediatoly;  no  disease  seems  capable  of 
abolishing  all  digestive  activity  of  the  alimentary  tract. 

This  ajay  well  be  because  the  diversity  of  cois^onents  and 
controls  makes  It  unlikely  that  all  secretory  structures  be 
simultaneously  affected. 

A coa5)arlson  of  components  and  controls  must  take  Into 
account  the  complexity  of  the  task.  In  the  case  of  the 
digestive  tract  the  task  Is  threefold j hydrolytic  cieavago 
of  food  coaetltuents,  motility  and  absorption.  Conceivably 
all  this  could  be  aocompllshed  with  lower  than  the  eight 
coa^onente  listed  earlier. 

The  fact  that  eight  components  are  regulated  by  l8 
control  points  is  in  hairmony  with  the  i]q>2*esslon  that  the 
control  of  gastrointestinal  activity  is  not  very  precise. 

As  far  as  e.dequate  digestive  function  le  concerned.  It  matters 
little  whether  secretory  or  motor  activity  deviates  from  the 
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moan  by  or  so*  Ttiia  is  reflected  in  the  high  degree  of 
■»arls.blllty  easouafcez'ed  izndor  experime'ital  conditions* 

The  type  cf  control  most  frequently  found  to  operate 
In  the  digestive  syatois  is  of  soma  interest  because  of  Its 
siHroliolty-  Alrsost  without  e^eepticn  the  rssponse  to  a 
given  stimulxis  reduced  directly  or  indirectly  the  Intensity 
of  the  stimulus c 
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CONTROL  IN  PROTOZOAN  MORPHOGENESIS 
Paul  B*  Welsz 

tment  of  Biology,  Brown  Unlvoralfy,  Provldonca,  R.  I. 

That  ordsr-ly,  rsproduclblo  dsvoloproental  sequences  in 
living  organisms  require  operational  control  has  long  been 
suspected.  Experimental  demonstration  of  such  control,  and 
elucidation  of  its  nature » has  become  increasingly  possible 
during  the  last  few  decades.  This  report  describes  a 
specific  cas©  of  this  kind,  l,e,,  morphogenesis  in  th© 
hoterotrich  protosoan  ateator  coorulsug  (cf.  Weiss  1951), 

I,  The  Morphogenetic  Repertoire  of  Stentor 

Steator  may  ba  affected  by  tiroes  categories  of  slt~ 
xiations  which  elicit  a morpliogenetic  response: 

1,  A severely  disadvantageous  environment  bringing  about 
loss  of  body  parts.  The  response  to  this  is  regeneration; 
loss  parts  are  redifferentiatod  from  the  unaffected 
rerfisinder,  in  correct  size,  location,  and  fimotioii, 

2.  A moderately  disadvantageous  environment  through  which 
optimal  internal  operating  conditions  are  disturbed. 
Crowding,  starvation,  chemical  irritation,  mild  Irijiiry, 
and  & variety  of  other  stimuli  ax’o  in  thl^  category. 

The  response  to  this  is  reo r g ani z a t ion : existing  dlf2‘er'~ 

sntiated  stractursa  are  resorbed,  and  a new  s&t  la 
devolopeid  in  repiaocTnent . Ths  animal  acta  aa  if  a 
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freshly  formed  sot  of  structure*  could  eircusivsnt  th® 
imperfections  of  the  old,  whether  these  Imperfections 
are  explicit  (through  injury),  or  impllcity  (throvigh 
blocking  of  function). 

3.  A favorable  environment  which  allows  undisturbed  growth 
and  the  execution  of  all  life  functions.  The  response 
to  this  is  reproduction  by  fission;  a second  whole  set 
of  structures  is  newly  differentiated  and  the  two  mor- 
phologle*  then  cleave. 

It  is  now  established  that  the  developmental  aspects 
of  these  three  processes  are  identical,  both  in  pattern  and 
in  mechanism.  In  other  words,  Stentoi*  is  capable  of  only  a 
single,  unique  moiT3hogenetlc  response,  which  con  be  elicited 
by  a large  variety  of  different  stimuli,  and  which  may  be 
paralleled  by  a variety  of  other  events,  depending  on  the 
nature  of  the  stimulus. 

In  the  execution  of  this  response,  two  groups  of 
strxictures  ar©  involved  principally.  On©  is  the  infracill&ture, 
the  second  is  the  nuclear  apparatus. 

The  infracillature  (Pig.  1}  is  a cortical  aystem  composed 
of  longitudinal  klnetles.  Each  kinety  is  made  up  of  a fine 
fibril,  the  kindtodeamst  and  of  a row  of  kinetosomes  rtinning 
parallel  to  the  kinetodesma.  Klnetosomes  are  the  basal 
gransulea  of  the  body  cilia.  *fhese  granules  are  now  known  to 
be  the  Critical  controllers  and  ris.intainer's  of  the  diagnostic 
morphology  la  clll&t©  protozoa.  Certain  klnetososaao  are 
particiilariy  and  specif icelly  Involved  in  morphogenesle , In 
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Hg.  ii^onfroS  for  morpHclogital  mcMn?»nanc«  in  Stenior 
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3tentor»  theae  klnetoaomes  are  located  in  klnety  I (Pig.  1)# 

The  following  generalizations  may  be  made.  Klnetosomea 
are  self -reproducing,  and  cannot  arise  ^ novo.  Their 
fvinotloning  depends  on  nuclear  Influences  (v.i).  When  a 
klnetosome  divides  and  gives  rise  to  a new  one,  the  latter 
la  at  first  \mdifferoatiated.  Soon,  however,  it  dlffer- 
e>nt!ates  in  one  out  of  five  ways,  depending  on  the  micro- 
environment In  which  it  finds  itself.  It  thus  adds  to  one 
of  the  five  populations  of  kinetosomes  which  can  be  dis- 
tinguished In.  Stentor.  Those  populations  may  be  described 
as  follows s 

Group  A.  Kinetosomes  of  the  gullet  and  peristome,  and  of 
the  holdfast 

“ B«  Terminal  kinetoaomoa  of  kinety  I 

" Ce  Hon- terminal  kinetosomes  of  kinety  I 

" D.  Terminal  kinetosomes  of  all  klnetles  other  than  I 

" S.  Non-terminal  kinetosomes  of  all  klnetles  other 

theh  1^ 

Under  .normal  circumstances , a new  klnetosome  formed  In 
tlie  C group,  for  example,  dlff ©rcntiatos  like  all  £*a  und 
adds  to  this  population,  l.e.,  klnoty  I grows  in  length. 
Similarly  for  the  other  groups.  But  a new  klnetosome  formed 
In  one  gro'up  Is  potentially  able  to  assume  the  atatua  char- 
acteristic of  any  of  the  groups  above  it  in  the  classification. 
Thus,  a new  D kinetosomo  nay  potentially  differentiate  like 
a £ klnetoaomo,  or  first  like  a £,  then  .like  a B klnefcosomoj 
or  first  like  a £,  then  like  a g,  chvn  like  an  A klnetosome. 

That  this  is  so  is  shown  in  morphogene  tic  etudi.=sat  When  ail 
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k kiastoscaes  are  excised  (&a  before  regeneration)-  os*  when 
the  f\inctioning  of  A kinetoaomes  is  interfered  with  (as  before 
reorganization)*  then  kinetoaomes  newly  produced  by  B may 
differentiate  into  new  A’ a (as  well  aa  into  more  B» a ) • 
Byidentiy*  the  A* a normalij  Inhibit  the  B*s  frois.  producing 


more  A* a.  It  can  be  shown  also  that  B*a  similarly  inhibit 
£*s,  C»8  inhibit  D»a,  and  D*«  Inhibit  B*s.  In  general,  ae 
Qjmv  population  is  removed,  the  next  lower  la  permitted  to 


fill  the  ©mpey  niche. 

It  will  bo  reoognized  that  the  aeries  A to  B deecrlbes 
a hierarchy  or  dominance  through  which  Stentor  not  only 
retains  its  nox*mal  morphology,  but  alao  restores  this  mor- 
slvauid  It  be  partially  deetroyed  by  ertviroiunaatal 

7icissit\id«s« 

Aa  noted  above,  klnatoaoraal  functioning  depends  on 
nuclear  influences.  In  olllates  generally,  the  mioronucloua 
primarily  subsez*vos  germinal  and  the  macronucleua  a somatic 
fianctlon.  In  Stentor,  the  micronucleus  may  be  excised  without 
interference  with  raorphogonoais  (although,  of  coTorao,  complete 
fiaaional  cleavage  requires  mlcronuclear  mitosis).  It  is  th» 
beaded,  elongate  i&aorcnucleuB  which  maintains  klnetosomal 
functioning,  Bxporlaenta  suggest  that  for  every  kinstosotaal 
pcpulafcion  there  exista  a specifically  corrolatsd  mac Z’O- 
nuclear  agent,  Thus,  maintenance  of  A would  require  & 
(presviasably  ohemioal  ) signal  from  n'ocloar  agent  A'  (which 
is  nob  necoisearlly  a gone  but  might  ba  a genic  derivative)* 

BS  similarly,  would  send  a signal  b*  to  which  B rcapondaj 
etc.  If  h in  e.xc5gi*d,  new  kino tosomea  produced  by  B can 
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i ' dlffarontlat*  Into  now  A by  vlrtuo  of  the  fact  that  a»  signal* 

V are  no  longer  used  by  A,  hence  can  be  used  by  B-derlvatlves . 

In  the  normal  organism,  A and  B-derlTatives  connote  for  a* , 
with  A having  the  advantage. 

A eonverse  Kdintalalng  Influence  from  kinetosome  to 
moleus  also  can  be  demonstrated  exporimentally.  Thus, 
continued  operation  of  A’  depends  on  a (chemical)  signal 
a from  A.  Analogously  for  B ’ , £* , etc. 

with  these  data,  a diagram  as  In  Pig.  H can  be  con- 
structed. It  depicts  contx^l  sequences  in  the  normAl, 
xusdlsturbed  organism,  and  It  indicates  the  consequences 
when  either  the  kinetosomal  or  the  nuoloar  apparatus  ceases 
to  be  optimally  fvmotlonal.  To  arrive  at  a measure  of  the 
number  of  messages  involved  in  the  above  control  scheme: 

1)  Each  kinetosomal  population  sends  a message  with  address 
’“nucleus"  and  the  further  specification  "act  on  A*"  or 
"act  on  B'",  etc.,  i.e.,  differentiated  frc»  four 
others  in  this  class  of  asssages.  This  amounts  to  five 
distinct  signals. 

2)  Each  nuolea.  agent  sends  a message  with  general  address 
"kina to soma,"  specifying  differentiation  into  one  of 
the  five  classes  of  kinetosomes.  This  amounts  to  five 
distinct  signals. 

3)  KJLnetosomai  population  A sends  a meseag®  "inhibit  B," 
with  specif ioations  distinguishing  this  measage  from 
three  others  produced  by  B,  C,  D (reading  •’'inhibit-  G" 
"inhibit  D***  "inhibit  S,"  respectively)*  This  amounts 
to  four  distinct  signals. 
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7ii'aa>  it  takes  14  distinct  signals  to  control  and 
maintain  the  morphogenetic  repertoire  of  Steator . These 
signals  are  given  off  into  a freely  flowing  cytoplasm*  that 
Is,  they  are  broadcast.  This  implies  that  both  address  and 
order  must  be  incorporated  into  the  signal  itself.  Consft°> 
quently*  each  signal  must  have  enough  specificity  to  provide 
distinction  from  13  competing  ones. 

II.  The  Pattern  of  Morphogenesis 

How  does  morphogenesis  take  place,  ajod  what  kind  of 
control  is  involved  here? 

Experiments  have  shown  that  the  necessary  and  suf- 
ficient stimulus  for  any  of  the  forms  of  morphogenesis  in 
Stentor  oonslsts  of  some  efficiency-reducing  effect  on  gullet 
and  peristome,  or  the  holdfast  (i.e.,  kinetosomes  A).  In 
mechanical  injury,  A kinetosomes  may  be  removed  bodily;  in 
chemical  injury  or  irritation,  A kinetosomes  may  be  rendered 
Inoperative  physiologic ally;  in  crowding  or  starvation,  the 
organism  does  not  obtain  snough  food,  as  if  A kinetosomes  were 
In  effect  Injured.  Also,  if  kiasty  I (klnstosoneo  C)  Is  cut 
across  so  that  the  cute  cannot  fuse  (as  in  fission,  and  uMer 
certain  experimental  conditions),  the  posterior  body  parts 
are  being  physiologically  separated  from  the  anterior.  Thus 
the  terminal  kinetosomes  of  the  out  kinety  I assume  B status, 
as  If  A war®  not  present  at  all,  and  a new,  second  A population 
develops?  henos  normal  doubling  of  structures  as  in  fic^aioa, 
or  abnormal  doubling  aa  In  monster  forraatlon* 

It  may  be  recognlr.ed  generally  that  morphogenesis  starts 
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when  the  A Inhibition  over  B Is  removed,  by  external,  atlnnill 
or  by  & par-tloular*  (so  far  imspooifiable ) Internal  condition 
leading  to  fission.  Once  B is  deinhiblted,  the  kinetosomes 
In  this  groT^  begin  dividing  rapidly,  utilizing  the  now  un- 
used A*  materials  from  the  nucleus  (ofi  Pigi  2)#  Newly 
fcmed  kinetosomes  are  so  numerous  that  they  are  ’'squeezed 
out"  of  klnety  I and  accumulate  as  an  extraklnatal  "anarchic 
field*"  Some  unknown  stimulus  subsequently  halts  the 
growth  of  this  anarchic  field,  and  triggers  its  rearrange- 
ment into  orderly  double  rows  of  kinetosomes.  These  rows 
are  the  "adoral  zone,"  the  foundations  of  the  incipient 
gullet  and  peristome. 

fixperlments  show  that  the  anarohlo  field  has  a direct 
inhibiting  influence  on  the  kinesis  of  the  nuclear  apparatus. 
SpeclflOally,  the  maeronuoleiis  Is  inhibited  from  contracting 
into  a ball,  and  the  miorcnuoleus  is  inhibited  from  under- 
going mitosis*  Am  will  be  seen  presently,  maoronuelear 
contraction  is  a later  feature  in  all  morphogenetic  events. 
Mlcronuclear  mitosis,  preainaably  stimulated  by  the  saavs 
Internal  metabolle  condition  which  lnltlat»..8  tho  fission 
process  as  a whole , is  prevented  by  th©  anarchic  field  from 
occurring  too  soon. 

As  the  anarchic  field  converts  into  the  adoral  zone, 
its  message  to  the  nuclear  epp.aratua  chisnges  in  characters 
contrary  to  th®  anarchic  field,  the  adoral  zone  exerclsos 
a positive  contractive  stiauilus  on  the  macronucleuc,  which 
overrides  the  inhibition  by  the  anarchic  field.  (It  ws.y  be 
Jioted  that  as  the  adoral  .sons  increases  in  size,  the  ariarchio 
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field  decreases  corrospondinglyi  the  same  ebangiiig  relation 
prosvonably  holds  for  the  strengths  of  Inhibitory  and 
stlwulatory  signals  sent  by  those  structxxres . ) 

This  control  over  macronxiclear  contraction  can  be 
demonstrated  as  follows*  If  the  adoral  zone  is  excised  as 
soon  as  it  begins  to  appear,  miclear  contraction  never 
starts;  anarchic  field  Inhibition  Is  now  dominant*  If  the 
adoral  zone  is  excised  after  nuclear  contraction  has  begun, 
the  contraction  stops  at  the  moment  of  excision*  If  the 
anarchic  field  is  excised  before  nuclear  contraction  has 
begun  and  before  conversion  to  adoral  zone  has  started,  con- 
traction is  never  initiated  (arid  morphogenesis  does  in  fact 
not  occur  under  these  conditions).  If  the  anarchic  field  is 
oxciaed  after  nuclear  contraction  has  begun  (l,e,,  after 
some  adoral  zone  is  already  present),  contraction  continues 
normally.  Finally,  if  both  anarchic  field  and  adoral  zone 
are  excised,  nuclear  contraction  also  continues  norKially; 
the  stimulating  agency,  although  removed.  h«.s  aineady  been 
effective,  and  the  Inhibiting  agency,  also  removed,  can  no 
longer  be  effective. 

Concerning  the  micronucleus,  it  is  doubtful  if  the 
adoral  zone  has  a positive  stimulating  effect.  Mitosis  occui’s 
precisely  when  all  of  fch«  anarchic  field  has  been  converted 
to  adoral  zone,  indicating  that  this  process  may  simply  ocoiir 
as  soon  as  an  airarchic  field  inhibition  has  been  removed* 

Clear  cut  svluencd  un  this  is  not  available.  If  thor©  exist 
S.nhibitory  effects  of  the  anarchic  field  on  the  mleronuclsuus , 
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then  they  would  occur  in  regeneration  and  reorganization  as 
well  as  in  fission.  But  only  in  fission  does  loitosls  take 
place.  As  has  been  noted,  fission  is  distinguished  from 
other  developatental  sequences  by  some  unapecifiable  internal 
metabolic  state,  which  may  make  the  micronuoleus  initially 
reactive.  Such  reactivity  would  be  absent  in  regeneration 
and  reorganization. 

Once  raltos5.a  occxira,  two  other  events  follow  more  or 
less  simultaneously.  First,  the  macronucleus,  at  thie  time 
already  past  full  contraction  and  beginning  to  reelongate, 
splits  Into  two  lengths,  which  represent  the  macronuolel  of 
the  prestimptlve  daughter  Indlvlduala*  tPhis  splitting 
apparently  depends  on  soma  stimulus  from  the  dividing  micro- 
nucleus. Second,  a fission  line  becomes  explicit  vleiblys 
all  cortical  structures  dissolve  along  a thin  line  rxmnlng 
around  the  "waist"  of  the  already  doubled  organism.  A 
"physiological"  separation  ox  the  two  prsBiS^tiv®  dau^^htors 
must  have  occurred  at  the  very  start  of  the  whole  fission 
process.  The  mechanical,  visible  separation  oocure  much 
l&tc-r,  apparently  under  n definite  stlCTilxis  frcm*  the 
dividing  mloronuclous. 

As  the  fission  line  is  laid  down,  oytoplaamic  eonstrietlon 
begins.  Within  a short  time  the  morphologically  double 
organism  ie  pinched  Into  two  and  fission  is  ©cs»plet®d. 

Since,  In  morphogeneeie  other  than  fission,  mitosis  doe&  not 
occur,  macronuolear  spiltcing  and  fisaion  line  fomation 
slr*o  do  not  occur. 
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9^GV9  dSLtA  9T9  svsss^is^d  i&  Pig*  3*  TffOS.  thX» 
dlagFsa!a  tJb«  nvxS>9X'  sf  signals  rsquirsd  in  ttas  oontvol  of  tbs 
99VT99  of  astrpbogososis  sap  bs  sstinstsd* 

(1)  Oao  a^ssago  ia  voonirod  for  gsnos»nl  aorpbogsnstls 

«tiMaIiitlon»  l«Oatf  inj^isi^*  adds^ss  Is  "teinstosoas 

A"  and  tbs  Instruotion  £*sads  *inhibit»*  Zn  tbs  oass  of 

f 

flssio&j,  the  signal  also  goss  to  tho  nioronuoleus • rssding 
"aetiTats*"  B novi  is  jpsdrs^ttod  to  pFoduSS  an  anarshic 
fiald« 

(2 ) The  latter  sands  a signal  with  addross  "nucloar  ap>^ 
paratoso"  and  with  tbs  Inn  true  t ion  * inhibit  kinssis*" 

(3)  An  unkooim  signal  amrivos  at  the  anajr>ahio  field  reading 
**stop  growth  and  start  organising*'^ 

ik)  fhii  adoral  sons*  nowl^  forming » sends  a signal  to  th» 
ttaoroamolono  roading  "oontraotion*" 

(55  9^  nAarofinslsns » one*  aotisatsd  and  dsinhibltsd^  sands 

a signal  for  ^splittls«**to  tho  ss&oronnslsus  and  for 
^fission  lino  forisatlon^  to  su3*fao«  optoplasse 
!l^so  scNonnt  to  at  least  firs  different  asoa sages « whish 
mmt  be  distinotlp  differentiated  from  one  am»tber« 

all  aspeets  of  norphogenosis  in  S tenter  togetlssr 
ineolre  19  distinet  signals  - not  too  high  a re^julresiost  for 
as  '(rltsJL  « preeess  as  differentiation  tmd  derelopasento 


P,  B»  0«n«r:iil  Msehtmliist  of 
on  Silorphoitnatio  Sttidies  in  dilates*^'  iKseii’*  Sat, 
293-311  m$l).  . . 
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In  developing  a Science  of  Organization,  with  its 
attendant  body  of  knowledge  and  theory,  different  avenues 
of  approach  should  be  investigated.  Evolution  is  one  avenue 
which  may  add  only  little  to  the  content  of  the  science  but 
could  add  appreciably  to  the  conceptual  basis  of  the  science. 
The  following  tentative  discussion  along  this  line  is  divided 
into  two  distinct  aspects.*  1)  the  probably  evolution  of 
control  systems;  and  2)  the  use  of  the  evolutionary  approach 
In  understanding  why  the  systems  have  evolved  in  certain  ways 


Evolution  of  Control  Systems 

The  basic  type  of  biological  control  system  probably 
consists  of  essentially  similar  corroonents  which  form  a size- 


regulating  system  operating  by 
as  shown  in  Fig,  1, 


Fig. 


simple  feedback  mechanism 
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A la  a popvilation  of  dupUcatlag  waits  (auch  aa  individuals 
or  cells » nr  molecules)#  The  tailts  A produce  a substanoo  a 
which  is  given  off  into  the  surroundings  (possibly  directly 
into  a neighboring  unit  of  the  sane  'pe}«  The  concentration 
of  this  substance  will  depenl  on  the  rates  of  production  aind 
reifloval;  to  each  amount  of  Aj  []a1»  there  corresponds  an 
equlllbrltua  eoacentratlonj,  Qa]*  Now  a is  inhibitory  on  A; 
the  speed  of  growth  decreases  with  stops  corrpletely 

rool  • If  Tal  grows  faster  than  f a1  # then  the  population 

•'—*  U.-  ~ 

A will  reach  an  eoul  1 IbnitnM  alr.a  Fa*  1 at  which  it  vialdB  «n 

~ * - - - - - V 

equilibrixam  concentration  ja^l  • If  some  units  are  ren»ved 
(by  death,  migration,  etc*),  such  that  [aJ  ■<  , then  auto» 

matleally  J o and  the  population  will  grow  back  to 

equilibrium  size.  Control  systems  of  this  type  are  postulated 
to  regulate  sizes  of  tissues,  populations,  organs,  etc* 

(Weiss,  1952:,  1953»  Rose,  1952;  Chase,  1952). 

The  orderly  growth  of  a coisplicated  structure  is  hardly 
possible  without  the  exlstonce  of  slze-contz^lling  systems* 

This  does  not  at  all  lazily  that  the  need  for  such  systems  is 
the  cause  of  tholr  origin.  Indeed,  it  is  easy  to  show,  by 
reference  to  some  noro  general  principles  ^ XiOW  3^C  h systems 
must  develop.  The  basic  principle  is  that  all  living  units 
are  inhibited  by  soma  or  all  products  of  their  activities* 

If  any  such  product  accumulates  faster  than  It  can  be  removed, 
then  the  feedback  mechanism  (cf,  .g,  1)  develops  automatic- 
ally, Potentially,  there  must  be  a great  many  size-controlling 
substances  associated  with  any  unit  A,  The  one  among  them 
which  roaches  tlie  critical  concentration  earliest  will  aseuTS^ 
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tho  f*unctlon  of  size -controlling.  It  could  also  occur  that 
changes  in  conditions  could  shixt  the  control  frcKi  one  sub- 
stance to  another. 

If  several  kinds  of  units  form  a complex  system,  vari- 
ous possibilities  of  Interactions  ai’lse.  For  Instance,  a 
unit  of  one  type,  A,  can  be  inhibited  by  roms  product  of  a 
unit  of  another  type,  B,  before  any  of  its  own  products  reach 
critical  concentration.  On  the  other  hand,  B could  also 
counteract  some  limiting  substancos  of  A,  and  thereby  act 
as  a stimulating  agent.  Thus,  the  development  of  a circu- 
latory system  raises  the  limiting  size  for  tissues  and  organ- 
isms, As  systems  comprise  mo're  different  kinds  of  compon- 
ents, a greater  variety  of  interactions  becomes  possible. 
Thyroxine,  for  examnle,  is  probably  not  used  in  sslf-regiil- 
atlon  of  thyroid  cells  but  is  clearly  an  important  substance 
In  the  regulation  of  other  cells. 

Control  mechanisms  exist,  of  course,  which  regulate 
functions  and  not  the  size  of  a population  of  cou?>onent3 
(cf,  Fenton's  examples  on  gasti'olntestlnal  functions  in  this 
V.  lume).  One  example  is  of  particular  interest  because  it 
indicates  the  "accidental"  nature  of  an  evolved  system.  This 
is  the  case  of  /ospir&toi'y  control  in  mammalc.  The  oxygen 
tension  available  to  the  cell  is  maintained  by  an  elaborate 
system  of  reanlratcry  movements,  moist  membrakiGs  and  cir- 
culating blood.  This  system  requires  control,  and  one 
would  naturally  exnect  that  the  control  mechanism  responds 
to  the  oxygen  concentratioiic,  This  is  not  the  case.  The 
substance  controlling  oxygon  Intake  is  the  waste  product 


C£j?bon  dioxide,  which  acts  on  the  carotid  and  aortic  bodies, 
and  thence  by  nerve  impulses  on  the  respiratory  center  of 
the  lower  medulla  of  the  brain.  Ordinarily,  the  result  is 
the  same,  but  in  exceptional  situations  when  the  oxygen  ten- 
sion can  get  dangerously  low  without  CO2  accumulation  (e.g,, 
high  altitude,  circulatory  failure)  the  system  fails  to  re- 
act properly. 

Insects  would  appear  to  have  more  completely  self-regu- 
latory systems  and  fewer  Inter-related  systems  of  control, 
i.e.,  are  less  tinltlzed  (as  individuals)  than  are  mammals, 
for  Instance,  Returning  to  a consideration  of  size  control, 
and  insect  society  may  bo  used  as  an  example.  In  termites 
(Emerson,  1939;  Castle,  193U-)  the  proportion  of  soldiers, 
workers,  and  reproductive  forms  Is  maintained  by  the  exchange 
of  chemical  exudates*  When  soldiers  are  destroyed  and  their 
exudates  thus  reduced,  more  young  forms  develop  into  soldiers 
until  the  normal  balance  is  restored.  As  might  be  expected, 
extracts  from  soldiers  can  bo  introduced  to  the  colony  and 
thus  prevent  the  formation  of  the  normal  proportion  of  soldiers. 
Perhaps  self-regulatory  mechanisms  of  similar  components  are 
basic  and  inter  “-dependent  systoms  have  evolved,  when  useful, 
by  the  extension  of  such  mechanisms. 

In  the  course  of  evolution,  with  more  specialized  dlvi- 
siona  of  labor.  Interactions  and  hlerarchlal  control  have 
modified  or  replaced  self-control;  but  the  total  control 
mechanism  becomes  in  tui'n  essentially  solf-regxilatory  i? 
viewed  at  a higher  level  of  oz‘ganization.  Just  as  '-aelf-dun'- 
licatlo.  ” Is  a misnomer  but  really  means  that  a duplicate 
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can  be  formed  if  the  correct  substrates,  enzymes,  etc,  are 
present,  so  Is  ”self-regulation'*  a misnomer  but  nevertheless 
a useful  expression,  meaning  that  an  element  will  exercise 
self-control  if  proper  conditions  are  Imposed,  Diffusion 
rates,  available  substrates,  decay  and  competition  of  antl- 
metabilltes,  are  conditions  imposed  by  the  ceil  on  its 
nucleoprotelna,  etc,,  by  the  organ  on  its  tissues  and  cells, 
or  by  the  temlte  colony  on  its  proportion  of  reproductlves, 
workers,  and  soldiers. 

Regulation  is  not  always  manifest.  Thus,  in  ecolog- 
ical succession  the  only  true  self-regulatory  groxrp  is  the 
climax  stage,  as  the  climax  beech-maple  forest.  There  vrould 
seem  to  be  no  self-regulation  in  most  single  species  but 
rather  regulation  of  a m\iltl-specles  system,  such  as  predator 
prey  or  disease  epidemics.  There  may,  however,  also  be  po- 
tential self -regulating  mechanisms  within  the  species  duo  to 
stresses  from  excessive  rates  of  reproduction.  Broadly  speak 
ing,  self -regulatory  mechanisms  operate  only  if  substrate  or 
food  supply  are  not  the  limiting  factor  for  size  or  numbers, 
lian,  by  cultivation,  halts  ecological  succession  for  his 
non-cliraox  domestic  plants;  by  wild  life  menageraent,  attempts 
to  restore  normal  population  cycles;  and  by  birth  control, 
regulates  his  domestic  animals  at  a level  below  tho  food 
supply  limit,  and  presumably  could  regulate  himself.  His 
success  is  certainly  leas  than  spectacular  but  the  degree 
to  which  he  is  successful  depends  on  an  awareness,  if  not 
complete  understanding,  of  the  nature  of  the  organization 
of  systems. 


Tho  Evolutionary  Approach 

Evolution  means  descent  with  change.  In  biological  evo- 
lution, the  critical  process  is  change  of  gene  frequency; 
the  basic  mechanisms  are  mutations,  supplemented  by  natviral 
selection  and  random  drift.  Such  statements,  however,  do  no 5 
Constitute  by  themselves  the  evolutionsiry  approach.  Princ- 
iples which  are  derived  from  the  study  of  evolution  give  a 
bsttsr  idea  of  the  meaning  of  tho  evolutionary  approach. 

These  principles  are  generalizations  derived  from  the  study 
of  biological  material.  To  what  degree  they  extend  to  evolu- 
tion In  general  la  not  a subject  of  the  present  discussion. 

The  following  principles  will  be  discussodj  1)  trial 
end  error  course  of  evolution;  2)  rules  of  change;  3)  co-op- 
eration va.  competition;  14.)  correlative  adjustments;  S)  rep- 
lication of  parts;  6)  generalization  vs*  specialization;  7) 
evolution  va,  ”3uccess,”  Most  of  the  examples  to  follow  will 
come  from  evolution  among  the  vertebrates.  Their  fossil  re- 
cords are  relatively  complete  since  their  evolution  is  ail 
in  post-Cambrian  times, 

(1)  The  Darwinian,  or  neo-Daj.'wlnian,  interpretation  of 
evolution  Is  that  of  a random  hunt  with  feedback.  Various 
possibilities  are  tried  out  (by  mutations)  and  tested;  most 
will  be  rejected  by  natural  selection;  a few,  accepted.  The 
trial  and  error  cotxrse  of  evolution  ia  evident  In  the  many 
’^attempts’’  which  are  made  and.  is  9.j:emplin«=»d  by  the  agymmetry 
of  ©vol’.itlor;.  In  the  very  rapid  evolution  of  the  horso,  there 
were  xnmvj  different  comblnatlon.'s , especially  during  the  Oli- 
gocene  and  Miosone,  Some  cc7ntemporary , or  certainly  non- 
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lineal,  l*02*?na  had  reduced  hoes  but  atlll  brovrsing  teetb. 
others  had  complete  ij.  and  3 toes  but  grazing  teeth,  others 
gained  elongated  skulls  but  still  had  browsing  teeth  and 
complete  toes,  etc.  Evolution  does  not  generally  show  a 
straight  line  development  but  rather  a series  c " trials, 
most  of  which  become  extinct,  even  though  some  may  persist 
for  several  million  years. 

(2)  Another  set  of  principles  can  be  described  as  the 
rules  of  change  in  evolution,  the  essence  of  which  is  that 
structures  do  not  occur  de  novo*  The  rules  ere  that  there 
can  be  i ) increase  in  complexity  of  structures  already  pre- 
sent, 11)  change  of  function  for  structures  present,  and 
ill)  degeneration  or  loss  of  structures.  Increase  In  com- 
plexity la  seen  In  the  Increased  lobatlon  of  the  Ixing,  the 
increased  comoartmantall cation  of  the  heart,  the  increase 
of  neurones  in  the  telencephalon  of  the  bi’aln,  etc.  Change 
of  function  has  been  very  Important  in  evolution.  Paired 
steering  organs  from  lateral  folds  have  become  5"toed  foot 
for  locomotion  on  land.  The  three  middle  ear  bones  of  the 
mammal  arc  derived  from  the  cartilage  bones  Involved  in  law 
suspension.  The  dlvorticulum  from  th®  pharynx  which  develop- 
ed into  a slroplo  lung  in  some  fish  arid  aj^hlbia  hecams  a 
closed  hydrostatic  organ,  fcb3  swim  bladder,  in  other  fish. 

The  food  straining  mechanism  of  primitive  chordates  became 
the  respiratory  gilia  of  fish,  Th©  same  gill  archos  became 
part  of  the  voice  box  and  -congue  support  in  mammals.  The 
food  gathering,  mucus -producing  portion  of  the  pharynx  of 
tho  pi‘’imitivc  chordate  also  accnytiulatoc'i  iodine  and  produced 
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thyroxin.  It  lost  Its  food-gathering  function  but  is  re- 
tained as  the  thyroid  gland.  The  carotid  and  aortic  bodies 
which  are  sensitive  to  the  concentration  of  CO^ In  the  blood 
are  remnants  of  the  earlier  aortic  arches.  Feathers  which 
are  importwat  for  maintaining  body  temperature  and  for  flight 
appear  relatively  suddenly  In  the  Jurassic  but  are  derived  by 

X 

certain  modifications  from  reptilian-type  follicles. 

Certain  scutes  of  the  skin  over  the  head  have  become  incor- 
porated as  the  roofing  bones  of  the  skull  in  araphlblm'is,  rep- 
tiles, birds,  and  mammals, 

A few  cases  where  marked  changes  seemed  to  arise  do  novo 
have  been  reconciled  with  the  rules  of  change  by  physiologi- 
cal genetics.  For  instance,  there  is  a mutation  In  Drosophila 
the  result  of  which  is  the  appearance  of  a leg  Instead  of  an 
arista  on  the  antenna.  It  has  been  shown  that  the  mechanism 
la  singly  a gene -controlled  dlstiArbance  In  timir^  such  that 
the  anlage  of  the  arista  reaches  the  stage  of  different at ion 
at  about  2 days  earlier  than  normal  and  at  the  time  when  foot 
parts  are  being  differentiated, 

^3)  Cooperation  is  a principle  to  be  found  in  the  works 
of  Dar^if1.n,  although  largely  ignored  since  that  time  with  the 
emphasis  being  placed  on  competition.  Cooperative  devices 
within  and  between  organisms  have  had  survival  value.  A sin- 
gle case  will  be  cited  hero,  namely,  the  symbiotic  arrange- 
ment between  certain  cellulose-digesting  proto'aoa  and  the 
wood  roach.  In  the  evolution  of  torisiitc  soclstlea,  this  ear.ly 
symbiotic  relationship  has  been  maintalxied  ar»d  perfected  to 
the  point  that  the  protozoa  Increase  only  at  ths  times  of 
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termlto  rrv^ultlng*  Probably  the  control  Is  the  resul'*  of  the 
increased  amount  of  nitrogen  available  at  this  time  which 
allows  the  protozoa  to  grow  and  divide  (Cleveland)* 

(Ij.)  The  principle  of  correlative  adjustments  is  merely 
a statement  that  parts  are  Inter-related  In  development,  so 
that  a change  in  one  part  results  in  chcmges  in  other  parts. 
For  example,  the  failure  of  the  eye  vesicle  to  form  normally 
will  result  in  changes  in  all  structures  (and  functions)  de- 
pendent on  this  development  — lack  of  optic  nerve,  loss  of 
eye  muscles  end  nerves,  failure  of  areas  of  the  brain  to  de- 

pr  ^ aa— 

oiple  emphasizes  the  fact  that  any  observed  changes  may  not 
necessarily  be  primary, 

(5)  F:eplloation  of  parts  Implies  in  a sense  a new  part, 
but  it  can  be  achieved  merely  by  extending  the  physiological 
conditions  of  development  for  a greater  distance*  Serially 
homologous  structures  are  of  this  type.  In  a vertebral  oo- 
lurm  there  can  be  changes  In  the  number  of  thoracic  verte- 
brae (with  ribs),  of  sacral  vertebrae,  of  caudal  vertebrae, 
©to®  Serial  replications  give  opportunities  for  new  differ- 
ent atlons  ’.d-thout  interfering  with  existing  functions,  as  In 
the  case  of  pronovhros,  mesonephros,  and  later  metanephroa® 
Bilateral  replication  may  serve  as  a margin  of  safety  by  re- 
dundancy or  jjcay  allow  new  possibllitlsa  such  as  binocular 
vision  in  the  primates,  but  Is  basically  only  the  result  of 
the  embryonic  polarity.  Xhero  is  perhaps  no  more  “need”"  for 
two  kidneys  than  thers  would  b®  for  two  Intestines.  In  som® 
caseft,  thoxvt  occurs  secondary  reduction  of  one  of  a pair  of 
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organs,  aa  in  the  case  of  the  bird  In  which  only  one  ovary 
noxtoally  develops  to  its  functional  capacity* 

(6)  A tiaeful  dichotomy  Is  generalized  vs,  specialized 
If  the  word  •generalized'*  la  used  in  a relative  sense.  Man 
is  a ralatlvoly  generalized  animal  compared  with  the  horse 
or  whale.  Structurally  man  is  close  to  the  general  "maiamal- 
lan  plan,*  Even  his  excessive  development  of  the  anterior 
end  of  the  nervous  system  which  gives  him  his  dominance,  is 
not  a specialization  in  the  usual  sense.  A general  evolution- 
ary rule  is  ths.t  new  maior  adaptations  arise  from  the  more 
generalized  forms,  and  not  usually  from  "higher*  specialized 
types.  The  stem  forms  of  amphibians,  reptiles  and  mammals 
(Devonian  to  Permian)  were  more  alike  than  present  day  repre- 
aentetlvos  of  those  classes, 

(7)  The  last  principle  to  be  discussed  here  is  the  rela- 
tion between  evolution  and  "success,”  Evolution  implies  lack 
of  success  in  a particular  environment.  Organisms  i4iich  are 
not  succeeisful  in  a new  and  changed  environment  either  be- 
eem©  extinct  or  evolve.  The  brachiopods  which  changed  little 
from  the  Ordovician  are  clearly  successful  within  their  rang© 
of  environmental  conditions,,  whereas  the  chordutea  evolved 
rapidly  from  that  period.  The  mamvi0,ia  appearing  in  the  Permian 
became  nearly  extinct  during  the  190  million  yeeu-s  of  the 
Mesozoic,  but  with  the  extinction  of  the  major  reptiles,  they 
are  having  their  turn  at  speci0L3.i£ing  and  becoming  extinct 

In  the  various  envlrojx'nsntal  niches. 
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Conolxialons 

The  generalizations  described  do  not  form  a neat  system 
of  well-defined  axioms.  They  are  partly  overlapping,  they 
are  not  comprehensive;  they  are  to  be  considered  as  present- 
day  attempts  to  deal  with  an  immensely  complicated  process. 

We  wish  to  point  out  some  consequences  of  the  evolutionary 
approach;  It  implies  an  awareness  that  parts  are  made  over, 
that  some  parts  and  functions  are  relics  of  past  hlstoi*y, 
and  that  perfection  Is  seldom  acquired.  It  means  that,  al- 
though living  systems  may  work,  they  are  not  necessarily  the 
ultimate  In  perfection,  and  that  they  arc  to  a large  extent 
redesigns  rather  than  new  designs.  Man,  as  an  extremely  re- 
cent and  relatively  unspeclallzed  product  of  evolution.  Is 
not  tiio  organism  moat  suited  for  the  study  of  maxlmvuQ  refine- 
ments In  most  blolobical  control  mechanisms.  Hia  exteaslve 
cerebral  development,  possible  only  with  such  an  undistin- 
guished and  unspeclallzed  ancestry.  Is  the  most  intricate 
mechanism  of  Its  sort  yet  attained  in  evolution  on  this  earth. 
Again,  however.  It  Is  not  of  de  novo  origin  but  rather  an  ex- 
tension and  elaboration  of  living  structures  and  mechanisms 
already  present , 

Life  has  existed  for  one  to  two  billion  years  through 
many  vicissitudes  and  has  thus  obviously  adopted  certain 
rather  efficient  basic  units  and  associated  control  mechan- 
isms. Later  and  special  modifications,  however,  may  often 
be  less  efficient  and  certainly  can  be  expected  to  carry 
more  non-adaptlvo  character! sties.  Is  the  cerebnua  of  xa&a 
an  exception?  The  basic  control  mechanisms  within  a cell 
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probably  represent  more  nearly  the  perfection  of  biological 
control  systems  than  do  the  mechanisms  which  control  gastro- 
intestinal functions  or  control  tenQ}erature  regulation  in 
man,  for  instance. 

In  comparing  biological  control  systems  with  engineering 
control  systems,  caution  must  be  observed.  Nevertheless,  an 
appropriate  analogy  is  that  of  redesigning  and  extending  ear- 
lier models  rather  than  of  producing  a completely  new  design. 
Biologiced  structures  and  mechanisms  are  essentially  conserv- 
ative and  "make - shift ; * they  are  adequate  but  not  generally 
"fancy,  ** 
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